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Summary  
In South Africa mangrove forests are located in estuaries from Kosi Bay in KwaZulu-Natal (KZN) to 
Nahoon Estuary in the Eastern Cape. The aims of this study were to determine the present state of 
mangroves in KwaZulu-Natal, by assessing the current population structure, the changes in cover 
over time and associated anthropogenic pressures. A second objective of this study was to 
determine the effect of harvesting on the population structure and sediment characteristics in the 
Mngazana mangrove forest.  To determine if harvesting was sustainable at Mngazana Estuary; the 
growth and mortality rates and associated growth conditions were measured.  Finally by using 
population modelling sustainable harvesting limits were determined by predicting the change in 
population structure over time. 
The study focussed on the KwaZulu-Natal province as a fairly recent study addressed mangrove 
distribution and status in the Eastern Cape Province.  A historical assessment of all mangroves 
forests in KwaZulu-Natal (KZN) revealed that the potential threats to mangroves in South Africa 
include; wood harvesting, altered water flow patterns coupled with salinity changes, prolonged 
closed-mouth conditions and subsequent changes to the intertidal habitat.  As a result mangroves 
were completely lost from eleven estuaries in KZN between 1982 and 1999 and a further two 
estuaries by 2006.  Mangroves only occurred in those estuaries where the mouth was open for 
more than 56 % of the time with the exception of St Lucia, where the mouth has been closed for 
longer but the mangrove communities have persisted because the roots of the trees were not 
submerged.   All mangrove forests in KZN were regenerating in terms of population structure as 
they had reverse J-shaped population curves as well as high adult: seedling ratios. Kosi Bay and 
Mhlathuze Estuary were two of the larger forests that showed signs of harvesting (presence of tree 
or branch stumps), but the greatest threat to smaller estuaries seems to be altered water flow 
patterns due to freshwater abstraction in the catchments and the change of land use from natural 
vegetation to sugar-cane plantations.  These threats affect the hydrology of estuaries and the 
sediment characteristics (particle size, redox, pH, salinity, temperature) of the mangrove forests. 
The environmental conditions under which the mangrove forests currently exist were determined 
for five species.  Lumnitzera racemosa and Ceriops tagal exhibited a narrow range of conditions 
as these species are only found at Kosi Bay, while Avicennia marina, Bruguiera gymnorrhiza and 
Rhizophora mucronata were found to exist under a wider range of conditions.  The growth rate and 
response to environmental conditions of the three dominant species were important to determine 
as these species are impacted by harvesting.   
ii 
 
Mangrove growth rates were measured at Mngazana Estuary in the Eastern Cape, the third largest 
mangrove forest in South Africa.  Areas of this estuary where mangroves harvesting has occurred, 
show significant differences in sediment characteristics as well as changes in population structure 
in harvested compared to non harvested sites.  The growth rate (in terms of height) of Avicennia 
marina individuals increased from seedlings (0.31 cm month-1) to adults (1.2 cm month-1), while the 
growth of Bruguiera gymnorrhiza stabilised from a height of 150 cm at 0.65 cm month-1.  The 
growth of Rhizophora mucronata peaked at 0.72 cm month-1 (height 151-250 cm) and then 
decreased to 0.4 cm month-1 for taller individuals.  Increases in diameter at breast height (DBH) 
ranged between 0.7 and 2.3 mm month-1 for all species.  Some environmental variables were 
found to be important drivers of growth and mortality of individuals less then 150 cm.  A decrease 
in sediment pH significantly increased the mortality of Avicennia marina seedlings (0-50 cm) (r = - 
0.71, p<0.05) and significantly decreased the growth of Rhizophora mucronata and Bruguiera 
gymnorrhiza seedlings (r = -0.8, r = 0.52 – p < 0.05 respectively).  At Mngazana Estuary, mortality 
of this species showed a positive correlation with sediment moisture content indicating that this 
species prefers drier conditions. The density of Rhizophora mucronata was significantly correlated 
to porewater temperature in Northern KZN as was the growth of adult (>300 cm) Rhizophora trees 
at Mngazana Estuary.   Mortality of Avicennia marina individuals (51-150 cm) was related to tree 
density indicating intraspecific competition and self thinning. Selective harvesting of particular size 
classes of Rhizophora mucronata was recorded when comparing length of harvested poles (~301 
cm) and the size class distribution of individuals.   Taking into account the differences in growth 
rate for each size class for this species it will take approximately 13 years to attain a height of 390 
cm which is the height at which trees are selected for harvesting at this estuary.  This is 2.6 times 
slower than those individuals growing in Kenya.  The feasibility of harvesting is dependent on the 
growth rate of younger size classes to replace harvested trees as well as the rate of natural 
recruitment feeding into the population.  Different harvesting intensity scenarios tested within a 
matrix model framework showed that limits should be set at 5% trees ha-1 year-1 to maintain 
seedling density at > 5 000 ha-1 for R. mucronata.  However harvesting of Bruguiera gymnorrhiza 
should be stopped due to the low density of this species at Mngazana Estuary.  Harvesting of the 
tallest trees of Avicennia marina can be maintained at levels less than 10% ha-1 year-1.   
 Effective management of mangrove forests in South African is important to maintain the current 
state, function and diversity of these ecosystems. Management recommendations should begin 
with determining the freshwater requirements of the estuaries to maintain the mouth dynamics and 
biotic communities and deter the harvesting of (whole) adult trees particularly those species that 
do not coppice.  Further management is needed to ensure that forests are cleared of pollutants 
(plastic and industrial), and any further developments near the mangroves should be minimised.   
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Chapter 1: General Introduction  
 
Mangrove forests exist along a transitional boundary between land and sea. They represent a 
continuum of biotic communities between terrestrial and marine environments (Hogarth, 1999; 
Kathiresan and Bingham 2001; Alongi, 2009).  These forests are distributed between the 
subtropical and tropical latitudes, restricted by major ocean currents and the 20oC isotherm of 
seawater in winter (Hogarth, 1999; Alongi, 2009). The earliest mangroves can be traced back to 69 
million years ago (Late Cretaceous) to the genus, Nypa as identified by pollen and macrofossils.   
The first location was within the Tethys Sea at mainly equatorial latitudes, along the coastlines 
(Ellison, 2008; Alongi, 2008), showing that these forests were always tropical in nature.  The 
diversification of mangrove species from this genus has been dramatic starting with Nypa which 
was a trunkless palm favouring low salinity and landward edges.   During the late Paleocene in 
South East Asia and the South West Pacific region most of the adaptations of mangroves occurred 
among angiosperms (Ellison, 2008). Some of these adaptations included; the presence of aerial 
roots for gaseous exchange in waterlogged and flooded conditions, vivipary to increase success of 
seedling establishment in variable conditions and physiological mechanisms to tolerate salt 
(Hogarth, 1999; Kathiresan and Bingham, 2001; Alongi, 2009).  Sedimentary composition and 
sequences found in mangrove forests are most useful in constructing past climate and sea-level 
changes.  It has been shown that past global warming periods encouraged the distribution of 
mangroves to higher latitudes (Ellison, 2008).  On a global scale, temperature is an important 
limiting factor but on regional and local scales variations in rainfall, tides, waves and river flow 
have a substantial effect on distribution and biomass of mangrove forests (Alongi, 2009). Erosion 
and depositional rates are also important as these affect the physical habitat that mangroves 
occupy.  Generally the habitat of mangroves begins at mean sea level and extends to the spring 
high tide mark i.e. they exist in tidal areas (Hogarth, 1999; Spalding et al. 2010).  The biomass 
accumulated in mangrove forests rivals that found in tropical forest ecosystems.  Those 
mangroves found in tropical regions are the most productive and have the highest standing 
biomass; the general trend found by many scientists is the decrease in biomass with an increasing 
distance from the equator (Alongi, 2009).  Statistically this relationship is significant but with a low 
correlation coefficient due to variations in size and composition of forests as a function of stand 
age, soil texture, nutrient availability, rainfall, salinity and temperature.  The unique characteristics 
and habitat of mangrove forests sustain a high biodiversity of fauna while the floral diversity is 
limited compared to other terrestrial ecosystems (Kathiresan and Bingham, 2001; Spalding et al. 
2010).  Globally there are 70 species of mangroves classified in 9 orders, 20 families and 27 
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genera (Spalding et al. 2010).  In 2003, the global estimate of mangrove forest cover was 14 650 
000 ha, with each hectare valued at between 200 000 – 900 000 USD (Wilkie and Fortuna, 2003; 
UNEP-WCMC, 2006).    According to Spalding et al. (1997), the Indo-Malesia and Australasia 
components of the Indo West Pacific Biogeographic Province are the most diverse with 51 and 47 
species in 22 and 21 genera respectively.   The African continent is divided into the West and East 
regions with 8 and 11 species in 6 and 11 genera respectively (Spalding et al. 2010).   
The mangroves in South Africa are included in the East African region.  While authors have 
classed mangroves as being resilient to most natural disturbances, human disturbances have 
resulted in more than 50% of the world‟s mangrove forests being destroyed (Alongi, 2002).  This 
loss has been attributed to urban development, aquaculture, mining along coastal zones and 
overexploitation of fauna and flora of mangrove forests (Hogarth, 1999; Alongi, 2002; Alongi, 
2009).  Many coastal communities rely on mangrove forests for fish, crustaceans and shellfish; 
however it is the harvesting of trees for timber, through practices such as clear-felling, which 
causes the greatest changes in mangrove forests.  This study focused on the characteristics of 
mangrove forests on a local and regional scale i.e. population structure, growth rates, sediment 
conditions and how anthropogenic disturbances affect these characteristics.   
Mangroves are considered to be among the rarest and most threatened of forest types in South 
Africa (Von Maltitz et al. 2003).  These forests occur in 38 estuaries in South Africa (Ward and 
Steinke, 1982). Mangrove forests are one of the world‟s most threatened biome types due to 
utilization of mangrove wood by communities living along the coastlines of the world and the 
conversion of mangroves forests to other land uses.  According to Ward and Steinke (1982) total 
mangrove cover was 1 058 ha in 1982.  
Previous research on mangroves in South Africa investigated the distribution of mangroves around 
South Africa (Macnae, 1963; Ward and Steinke, 1982) as well as descriptions of the forests in 
terms of associated estuarine habitats and faunal communities.  The loss of mangrove habitats 
was highlighted by Breen and Hill, (1969), Moll et al. (1971); Bruton, (1980) and Begg, (1978, 
1984).  These studies mostly focused on the mangrove forests of KwaZulu-Natal.  The litter 
production and decomposition rates of leaves of mangroves species in South Africa were 
investigated by Steinke et al. (1983); Steinke and Ward, (1987);  Steinke and Ward, (1988); 
Steinke and Charles, (1986), Steinke and Ward, (1990) and Steinke et al., (1993).  The role of 
crabs in mangrove forests has been looked at by Emmerson and McGywnne, (1992); Emmerson, 
(1994); Emmerson, (2001); Emmerson et al. (2003) and Emmerson and Ndenze, (2007).  The 
effect of harvesting on the population structure and sediment of a mangrove forest has not been 
investigated in this country, neither has matrix modelling been used as a tool for the management 
of South African mangrove forests.  Recent research by Naidoo (1990; 2009) focused on the 
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effects of nutrient enrichment on mangrove growth particularly Avicennia and Bruguiera.  Naidoo 
and Chirkoot, (2004) looked at the effect of coal dust on the photosynthetic performance of 
Avicennia marina at Richards Bay harbour. 
The six mangrove species found in South African have different distribution ranges from Kosi Bay 
in KwaZulu Natal to Nahoon Estuary in the Eastern Cape (Table 1.1, Figure 1.1). 
Table 1.1:  List of mangrove species found in South Africa. 
Species Family Vivipary Southern limit Location in the 
estuary 
Location 
on 
intertidal 
Avicennia 
marina 
Acanthaceae Crypto-
viviparous 
Gqunube River 
(planted 
Nahoon) 
Throughout 
estuary 
Lower, 
middle and 
upper 
Bruguiera 
gymnorrhiza 
Rhizophoraceae Viviparous Nxaxo-Nqusi 
Rivers 
Throughout 
estuary 
Middle and 
upper 
Ceriops tagal Rhizophoraceae Viviparous Kosi Bay Lower  and 
middle reaches 
Middle and 
upper 
Lumnitzera 
racemosa 
Combretaceae None Kosi Bay Throughout 
estuary 
Middle and 
upper 
Rhizophora 
mucronata 
Rhizophoraceae Viviparous Nxaxo-Nqusi 
Rivers 
Lower  and 
middle reaches 
Lower and 
middle 
Xylocarpus 
granatum 
Meliaceae None Kosi Bay Middle and 
upper reaches 
Mostly 
upper 
reaches 
References: Clarke et al. (2001); Steinke, 1999; Bunt, 1996. 
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Figure 1.1:  The limits of mangrove distribution in South Africa. 
 The aim of this study was to determine the present state of mangroves in KwaZulu-Natal, by 
assessing the current population structure, the changes in cover over time and associated 
anthropogenic pressures. The Eastern Cape mangroves were assessed by Colloty in 2001 
whereas the KZN mangroves were last assessed by Begg in 1984 and no published data exists on 
the population structure of forests since then. A second objective of this study was to determine 
the effect of harvesting on the population structure and sediment characteristics in the Mngazana 
mangrove forest.  In order to determine if harvesting was sustainable at this forest, the growth and 
mortality rates and associated growth conditions were measured.  Finally, these data were used to 
determine sustainable harvesting limits by using population modelling to predict the change in 
population structure over time. 
The thesis is divided into five chapters (Figure 1.2): 
¯
0 500 1,000250 Kilometers
Eastern Cape
KwaZulu-Natal
Ngqusi/Nxaxo
Nahoon
Kosi Bay
Gqunube
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Figure 1.2:  Flow diagram showing the link between the different chapters in this study. 
 
Chapter 2: Effect of harvesting on the population structure  
and sediment characteristics of the mangroves at Mngazana 
Estuary - Eastern Cape, South Africa. 
 
Chapter 3: The physical environment, growth rates and 
population dynamics of mangroves at Mngazana Estuary. 
Chapter 4: The effect of harvesting on the population 
dynamics and growth of the mangrove forest at Mngazana 
using matrix models. 
Chapter 5: Conclusion and management recommendations 
for the mangrove forests in South Africa. 
Chapter 2: Status assessment of mangroves in 
KwaZulu-Natal. 
Section A: Historic and present state 
(2006) of mangroves in small estuaries 
from Mlalazi to Mtamvuna in Kwazulu-
Natal, South Africa. 
Section B:  Kosi Bay to Mhlathuze: 
Sediment conditions and population 
structure of the largest mangrove forests 
in South Africa. 
Chapter 1: General Introduction. 
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The sampling method used in this study was the quadrat/census plot method similar to that employed by 
Ellison and Farnsworth (1993) and Walters (2005); with the size and number of the quadrats changing as 
required for each separate chapter. Quadrats were marked out with a tape measure and all individuals 
counted and measured.  In Chapter 2 and 3 the size of the quadrat was 25 m
2
 while in Chapter 4 a smaller 
quadrat (16 m
2
) was used. These quadrats were used to assess population structure to determine the status 
of each population in terms of seedlings, saplings and adults density. 
Chapter 2 summarised the current state of mangroves in KZN, South Africa. It is imperative to 
assess the mangroves in this province as no recent data (since 2001 (Mhlathuze) and 1984 for 
most forests) are available.  Currently 74% of the total mangrove area occurs in this province. The 
province represents a heavily developed portion of the coastline and is also the main area for 
mangroves within the country.  KwaZulu-Natal falls within the subtropical biogeographical region.  
This biogeographical region stretches from Kosi Bay to the Great Kei (Day, 1980) and contains 
three estuarine bays, 16 permanently open estuaries, four river mouths, four estuarine lakes and 
94 temporarily open/closed estuaries (Turpie et al. 2002).   The most diverse and largest 
mangrove forests are found in KwaZulu-Natal and therefore a baseline dataset is required to 
determine long term changes caused by both natural and anthropogenic factors.  Sediment 
conditions were measured for the largest mangrove forests in the country to determine a baseline 
of conditions for South African mangrove habitats. 
Adams et al. (2004) identified harvesting of mangrove trees as a major impact in the Eastern 
Cape.  Therefore the aim of Chapter 3 was to determine the effect of harvesting on the population 
structure and sediment characteristics at Mngazana mangrove forest.  This forest has the largest 
area of Rhizophora mucronata in South Africa.  This is the species that is most targeted for 
harvesting.  This chapter identified whether harvesting at current rates were changing population 
structure and the sediment environment.  It also describes the harvesting behaviour of the local 
community with regard to tree size selection.   
Chapter 4 investigated the growth rates and sediment characteristics of the three most common 
mangrove species in South Africa.  The sediment conditions were compared to that measured in 
KZN with regard to growth and distribution. The following questions were posed: 
1. What are the growth rates of different species in situ?  This will give an indication if 
species are at risk from current harvesting practices. 
2. What percentage of the important recruitment stages (seedlings and juveniles) is 
lost to natural mortality? 
3. What are the sediment conditions that influence growth and mortality? 
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4. How many new individuals are established each year? 
Population models are important tools that can be used to determine the impact of harvesting on 
the population dynamics and growth of the mangrove forest.  Chapter 5 gives an indication of the 
following: 
1. What portion of each mangrove size class moves to the next size class each year 
and what portion remains in the original size class? 
2. How will the population change over time due to harvesting? 
3. What parameters can be used to determine sustainable harvesting levels for this 
forest? 
Chapter 6 summarised the state of mangroves in South Africa using the DPSIR framework.  The 
Organization for Economic Cooperation and Development (OECD) developed the DPSIR 
framework in the 1980s (Bidone and Lacerda, 2004). DPSIR stands for Driving Forces-Pressures-
State-Impacts-Responses (Figure 1.3).   
 
 
 
 
 
 
 
Figure 1.3: Generalised DPSIR framework (Maxim et al. 2009). 
This framework focuses on the connecting relationships between five entities describing the 
relationship between the environment and society in the following way: the Driving forces are 
derived from societal and economic developments that place the environment under Pressure 
(these will be specific to the development), the State of the environment is altered by these 
pressures, and this is manifested by new Impacts on the ecosystems, or societal health and well 
being.  This causes a Response from society (Bidone and Lacerdo, 2004; Maxim et al. 2009, 
Omann et al. 2009, Atkins et al. 2011).   
             
Drivers 
             
Pressures 
             
State 
             
Impacts 
             
Responses 
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Atkins et al. (2011) was able to identify ecosystem services that would benefit from better 
management of the extraction of marine sediments in the United Kingdom by using the DPSIR 
framework. The drivers for this industry were the demand for infrastructure coupled with the 
demand for building materials.  These drivers resulted in increased removal of marine bed material 
and increased suspended sediment which changed the state of the immediate environment as 
benthic organisms were removed, seabed habitats were damaged and the sediment composition 
was altered.  The most important impact was the reduction in fish catch due to these changes.  
The response from society included a plan for restoration options and the implementation of 
regulations for extraction.  Roura-Pascual et al. (2009) used the DPSIR framework in conjunction 
with the Analytic Hierarchy Process (AHP) to prioritise management actions with regard to the 
control of the spread of alien invasive species in the South African Fynbos ecosystems.  The 
important drivers in the Cape Floristic Region (the study site ranged from the Cape peninsular to 
the Knysna area in the Western Cape of South Africa) were disturbance regimes (fire, floods and 
droughts) and climate change.  Socio-economic drivers included changes in population dynamics 
(urbanization), human activities (forestry, agriculture and flower harvesting).  These drivers 
resulted in changes in disturbance regimes, land conversion and alterations in climatic conditions.  
Habitat fragmentation and dominance of mono-cultures of alien species allows for the following 
impacts; increased fire risks and decreased water availability and biodiversity as well as other 
socio-economic impacts.  Responses from society require increased resources for fire 
management and awareness on environmental problems as well as the alleviation of the barriers 
to effective management such as budget limitations.  Using the DPSIR framework to summarise 
the relationship between the factors that influence mangrove forests in South Africa will assist in 
decision making and will highlight issues that must be prioritised for management. 
Polidoro et al. (2010) classified all species found in South Africa as being of least concern 
according to IUCN Red List Criteria.  South African mangrove forests are legally protected by two 
separate pieces of legislations; National Forests Act (84 of 1998) and the Marine Resources Act 
(18 of 1998).  The species Bruguiera gymnorrhiza and Rhizophora mucronata are further protected 
by the Protected Tree list (DWAF, 2010).   
Chapter 2 has been published as two papers:  
 Rajkaran A, Adams JB, Taylor R (2009) Historic and recent state (2006) of mangroves in 
small estuaries from Mlalazi to Mtamvuna in Kwazulu-Natal, South Africa.  Southern 
Forests 71(4), 287-296. 
 Rajkaran A, Adams JB (in press) Mangrove forests of Northern KwaZulu-Natal: Sediment 
conditions and population structure of the largest mangrove forests in South Africa. 
Western Indian Ocean Journal of Marine Science. 
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Chapter 3 has been published as: 
Rajkaran A, Adams JB (2010) The implications of harvesting on the population structure 
and sediment characteristics of the mangroves at Mngazana Estuary, Eastern Cape, South 
Africa.  Wetlands Ecology and Management 18: 79-89. 
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Chapter 2: Status assessment of mangroves forests along the 
KwaZulu-Natal coastline 
Introduction  
South Africa has 0.05% of Africa‟s total mangrove area. South Africa has six species of mangroves 
and two associate mangrove species.  Kosi Bay situated in northern KwaZulu-Natal (KZN) is the 
only area where all six species were previously found.  Avicennia marina (Forsk. Vierh.) is the 
most common of the six mangrove species in South Africa.  It occurs in 24 estuaries, extending 
from Kosi Bay in KZN to the Nahoon Estuary in the Eastern Cape. It is considered a pioneer 
species and grows in both sand and mud (Steinke, 1999).  Bruguiera gymnorrhiza (L.) Lam is also 
common throughout the east coast of South Africa and occurs in 33 estuaries.  Rhizophora 
mucronata (Lam). is found sporadically along the coast in five of the Eastern Cape estuaries and 
seven of the KZN estuaries.  Ceriops tagal Perr. C.B.Robinson, Lumnitzera racemosa Willd. and 
Xylocarpus granatum König 1784 are only found at Kosi Bay in South Africa (Ward and Steinke, 
1982; Steinke, 1999; Colloty, 2000; Taylor et al. 2003). Kosi Bay, situated in northern KZN, is the 
only area where six species were previously found.   Acrostichum aureum (a mangrove associate) 
is thought to occur as far south as the Eastern Cape (Colloty, 2000).  The species Bruguiera 
gymnorrhiza, Ceriops tagal, Lumnitzera racemosa and Rhizophora mucronata are listed as 
protected trees in South Africa (DWAF, 2008). Acrostichum aureum L., and Hibiscus tiliaceus are 
mangrove associates, which are found sporadically from KZN to the Eastern Cape (Colloty, 2000; 
Steinke, 1999).  The distribution of Acrostichum aureum is not documented but it is thought to 
occur as far south as the Eastern Cape (Steinke, 1999). Colloty (2000) recorded the presence of 
this species in the Mkozi Estuary only.   
Macnae (1963) described some of the mangrove swamps in South Africa.  The descriptions were 
based on 14 years of observations and the following areas were described; Mngazana Estuary, 
Umtata River mouth, Isipingo mangrove swamp, Durban Bay, Mlalazi Estuary, Richards Bay, St 
Lucia Estuary, Sodwana Bay and Kosi Bay.   Each area was described in terms of abiotic and 
biotic factors and included notes on zonation of plants and animals.  Ward and Steinke (1982) 
discussed the distribution and species composition of mangroves throughout South Africa.  Colloty 
(2000) looked at the distribution and state of the mangroves of the Eastern Cape. 
The purpose of this chapter was to determine the current status of mangrove in KwaZulu Natal 
(Figure 2.1) and to compile a baseline dataset of the mangrove estuaries in this province.  The 
current status of the mangroves was assessed by addressing the following questions:  
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1. Have there been any losses of mangrove forests in this province? 
2. What were the historical events that lead to these losses?  Is harvesting of mangrove trees 
prevalent in this province? 
3. In the instances that previous population data exist for forests how has the population 
structure changed? 
4. Is there any evidence of natural reforestation within the existing forests? 
5. What are the priority areas for conservation of mangroves in KwaZulu-Natal? 
These questions will be answered in two sections. 
 Section A:  Historic and present state (2006) of mangroves in small estuaries from 
Mlalazi to Mtamvuna in Kwazulu-Natal.   
 Section B:  Kosi Bay to Mhlathuze Estuary: Sediment conditions and population 
structure of the largest mangrove forests.  
From this point on Avicennia marina, Bruguiera gymnorrhiza, and Rhizophora mucronata will be 
referred to as Avicennia, Bruguiera and Rhizophora respectively in the text of the thesis.  All other 
species names from these genera will be stated in full.  
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Ct-Ceriops tagal, Lm-Lumnitzera racemosa, Am-Avicennia marina, Bg-Bruguiera gymnorrhiza & Rm-Rhizophora mucronata. 
Figure 2.1:  Map of South Africa indicating the province of KZN, the estuaries where mangroves occurred in 1982, the size of those 
mangroves and which species were present (Adapted from Ward and Steinke 1982).  
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Section A: Historic and present state (2006) of mangroves in small estuaries 
from Mlalazi to Mtamvuna in KwaZulu-Natal. 
 
Introduction  
The most recent estimate of mangrove cover along the entire Africa coastline is approximately 3.4 
million ha and South Africa supports 0.05% of that (FAO, 2003). Mangrove forests are distributed 
between the tropical and sub-tropical latitudes and are generally woody plants found in estuaries 
or lagoons; at the interface of the sea and land (Kathiresan and Bingham, 2001).  These forests 
are tolerant of tidal inundation, fluctuating salinities (0 to 50 Practical Salinity Units (PSU), 
depending on species) and anaerobic sediments (Soil redox potential -100 to 100 millivolts (mV)).  
They are morphologically and physiologically adapted to successfully living in these extreme 
conditions (Kathiresan and Bingham, 2001). Mangrove ecosystems are among the world‟s most 
threatened vegetation types with more than half of the original area already lost (Field et al. 1998).  
The new National Forest Type Classification (Von Maltitz et al. 2003) initiated, funded and 
implemented by the South African Department of Water Affairs and Forestry (DWAF) identified 24 
forest types and four azonal types, including mangroves.  They were formally recognized and 
presently fall under the protection of the National Forests Act (NFA) (1998).  DWAF also initiated 
and funded the development of Principles, Criteria, Indicators and Standards (PCI & S) for the 
Sustainable Forests Management (Lewis et al. 2002) and implemented these as required by the 
NFA (1998) (Scotcher and Everard, 2001; Bethlehem, 2002).  This will therefore require the long-
term monitoring of the different types of forests.    
Blasco et al. (1996) noted that the genera Bruguiera and Rhizophora were susceptible to 
hydrological, salinity, soil and tidal regime changes.  If changes occur due to natural or 
anthropogenic causes, the species either adjusts to the new conditions or succumbs to them 
depending on the degree of deviation from the tolerance levels of the species.  Adams et al. 
(2004a) summarized the salinity tolerance of the common South African species. Mangrove 
anatomy and functioning is well published (Hogarth, 1999; Kathiresan and Bingham, 2001) and 
one of the most important adaptations to the estuarine environment is the process of vivipary and 
the presence of propagules. Vivipary occurs when the seeds germinate on the tree and become 
propagules.  These propagules accumulate nutrients from the parent tree while still attached.  
They are able to float for many days and will establish (set roots) when a suitable area is 
encountered (Kathiresan and Bingham, 2001).   Once a propagule becomes rooted to the 
sediment it is classified as a seedling. 
 14 
According to Ward and Steinke (1982) there are 38 estuaries with mangrove forests in South 
Africa, of which 11 are in KZN.   Ward and Steinke (1982), recorded that the mangrove forest size 
varied with 10 between 0.5 and 10 ha, three between 11 and 15 ha, five between 16 and 50 ha 
and seven greater than 50 ha.  The total mangrove cover was 1058 ha in South Africa (Ward and 
Steinke, 1982). More recently (2005) this has increased to 1634.7 ha with mangrove cover in KZN 
increasing from 786.0 to 1391.1 ha (Pillay pers comms, 2006) while in the Eastern Cape mangrove 
cover has decreased marginally from 272 to 270.5 ha (Adams et al. 2004). The increase in KZN 
can be attributed to the rapid spread of Avicennia in the Mhlathuze Estuary, Richards Bay.  This 
occurred in response to changes in tidal conditions and sediment deposition when the new 
harbour was constructed in 1970 and an artificial mouth was created for the Mhlathuze Estuary 
(Bedin, 2001).  
The ecological integrity of an estuary with mangrove forests is compromised when the mangrove 
cover is degraded or lost, as this leads to loss of habitat and changes in estuarine functioning 
(Gilbert and Janssen, 1998; Fondo and Martens, 1998).  Thampanya et al. (2006) attributed 
elevated coastal erosion rates to the loss of mangrove forests resulting from the conversion of 
mangroves to shrimp farming areas, along the southern Thai coastline.  Laegdsgaard and Johnson 
(2001) and Mumby et al. (2003) noted the importance of mangrove habitat as refugia for juvenile 
fish which use the habitat for foraging and protection. Mangroves are an important source of 
particulate organic carbon to nearshore as well as estuarine environments.  Rajkaran and Adams 
(2007) found that harvesting mangrove trees introduces an initial pulse of organic carbon 
(discarded branches, stems and leaves) in the short term but this decreases as harvesting 
pressure increases.  
The connection between coastal developments, water level fluctuations and mangrove 
transformation has been recorded (Moll et al. 1971; Begg, 1984; Bruton, 1980; Dahdouh-Guebas 
et al. 2005).  In KZN the threats to mangroves have been documented by many authors even prior 
to 1990 (Breen and Hill, 1969; Moll et al. 1971; Begg, 1984; Bruton, 1980).  Moll et al. (1971) 
classified the mangrove forests at Richards Bay, Mlalazi, Durban Bay, Sipingo and Beachwood 
(Mgeni) as threatened.  Bruton (1980) noted that remedial action was taking place at Mlalazi, 
Mgeni and Richards Bay but noted that it was highly unlikely that complete recovery of the 
mangrove forests would take place within the next decade (1980-1990).  
Harbour developments have negatively affected the original mangrove forests at Durban and 
Richards Bay (Moll et al. 1971; Begg, 1978).  Prolonged inundation due to unnatural mouth closure 
has also led mangrove loss.  In Mgobezeleni Estuary a rise of 80 cm in the water level maintained 
over eight months due to poor bridge design led to the death of mangrove plants less than 1 m tall.  
A further increase of 75 cm of the water level led to the death of small and large trees (Bruton, 
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1980).  This response was also recorded by Breen and Hill (1969) in Kosi Bay.  There are, 
however, examples of mangrove forests that have benefited from human manipulation of estuarine 
conditions.  For example at Mhlathuze Estuary increased silt and a greater tidal range due to the 
canalisation and re-routing of the lower Mhlathuze River led to an expansion of the mangrove 
forests.  When Richards Bay Estuary was altered to develop a new harbour a new mouth was 
dredged well to the south of the original mouth and the system was split into two almost separate 
systems. This resulted in an increased tidal range in the new estuarine part of the old system.  
After the separation of the two parts the „new‟ estuary i.e. the Mhlathuze Estuary, was smaller and 
closer to the sea, As a result a combination of sediment deposition and a greater tidal range 
increased the intertidal area and allowed for the present spread of mangroves into the „new‟ 
Mhlathuze Estuary. The new habitat was mainly colonized by the pioneer Avicennia (Bedin, 2001).    
The purpose of this study was to determine the present state of mangroves in KZN by assessing 
the current population structure in relation to associated anthropogenic disturbances.  Past studies 
have recorded changes in area and loss of trees but more detailed information is required. The 
current population structure will determine the degrading, regenerating or colonising state of the 
forest (Dahdouh-Guebas and Koedam, 2002), and will add to the understanding of the type of 
management that is required for future existence of these forests. The data set presented in this 
chapter will form the baseline for future monitoring of mangroves along the KZN coastline.   
The following three questions are pertinent in this regard:   
1. How have developments on the KZN coastline influenced the distribution and species 
composition of mangrove forests?  
2. What is the population structure of mangrove forests in this region of the coast?  
3. Are existing mangrove forests still producing propagules and are there new seedlings 
present in the forests? This study addressed these questions. 
Study area  
In South Africa, mangrove forests only occur in estuaries. Estuaries are defined as “a partially 
enclosed body of water which is either permanently or periodically open to the sea and within 
which there is a measurable variation of salinity due to the mixture of seawater with freshwater 
derived from land drainage” (Day, 1980).  There are five types of estuaries and these are defined 
by Whitfield (1992).  Mangrove forests are presently found in all five types e.g. Estuarine Bay at 
Kosi Bay, Permanently open at Mgeni Estuary, Estuarine lake at St Lucia, River mouth at Mfolozi, 
and Temporarily open/closed at Mkomazi.  Ward and Steinke (1982) found mangrove forests only 
in the warm temperate and sub-tropical parts of the South African coastline, stretching from 
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Nahoon (EC) to Kosi Bay (KZN).  All estuaries in KZN occur in the subtropical region.  The KZN 
coastline stretches from Kosi Bay in the north to Mtamvuna (Port Edward) in the south (Figure 
2.1).  The study area stretched from Mlalazi in the north to Mtamvuna (Port Edward), which is the 
border between KZN and the Eastern Cape.  Ward and Steinke (1982) recorded mangrove cover 
in 22 estuaries in KZN. This province has the largest mangrove forests in South Africa, the biggest 
being in the Mhlathuze (652 ha) and St Lucia (571 ha) estuaries (Riddin, 1999).  This study 
focused on the state of mangrove forests smaller than 35 ha.  With the exception of Mlalazi (129 
ha) and Durban Bay (1060 ha) the size of all estuaries with mangroves in the study area were less 
than 55 ha.  These smaller estuaries and forests are threatened by surrounding urban and 
industrial development (Plate 2.1).  
 
 
 
 
 
 
 
 
 
Plate 2.1:  Location of past and present mangrove forests in relation to urban (left – Little 
Mamzimtoti) and industrial development (Durban Bay Harbour) taken in April 2006.   
Materials and Methods  
The estuaries between Mlalazi and Mtamvuna were visited during April 2006 to record the 
presence or absence of mangroves to compare with data from Ward and Steinke (1982) and 
Steinke (1999).  The six estuaries where mangroves were present were sampled to investigate the 
population structure of the mangroves.  Once in a mangrove forest the investigator first walked 
through the area to assess the representative population structure, determine species composition 
and zonation patterns. Sites were then chosen in areas that adequately represented the size class 
structure of each mangrove species. The sites sampled were determined by the population 
structure of the forest and the species composition.  Three 25 m2 quadrats were sampled per site 
Mangrove roots 
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in the mangrove forests at Mlalazi, Mgeni, Durban Bay and Sipingo estuaries. Measurements 
using quadrats were not possible at Mkomazi and Mtamvuna estuaries due to the sparse 
distribution of mangroves; so that all the plants were measured. 
Seedlings (propagule still present, <50 cm height), juveniles (50- 130 cm height) and adults for all 
mangrove species were identified, counted and measured (height of seedlings and juveniles and 
DBH for adults). Height and diameter at breast height (DBH = 1.3 m) were measured for each 
mangrove tree. If a tree was multi-stemmed then only the main stem was measured. For each 
tree, the presence of calyxes, flowers and propagules were recorded.  Sampling was carried out in 
April, which has previously been shown to be the time that these species produce and drop 
propagules (Steinke, 1999).  Observations were made regarding anthropogenic disturbances, 
utilisation patterns and estuary mouth condition.  Water column salinity was measured in PSU 
using an Atago hand-held refractometer. Ezemvelo KwaZulu-Natal Wildlife recorded weekly mouth 
condition of all estuaries in KZN from January 1996 to November 2005 (519 weeks, i.e. almost ten 
years).  For this study total time (weeks) that the mouth was open was expressed as a percentage 
of the total time of recordings (519 weeks). Mangroves are mostly restricted to the intertidal habitat 
and therefore these data were used to determine whether the estuary was predominantly open or 
closed to the sea for the 10 year period. All statistical analyses were done using Statistica (Version 
8.0, 2008) (StatSoft, 2007). The data were not normally distributed hence non-parametric tests 
were used to determine differences between height, DBH and density.  Kruskal-Wallis ANOVA 
was used to test between sites, and a multiple comparison of mean ranks was used to further test 
between individual means.  Statistics are reported as the H value (test statistic) followed by the 
degrees of freedom and number of replicates in subscript; significance is noted where p<0.05 
(StatSoft, 2007). 
 
Results 
A comparison of mangrove distribution in 1982, 1999 and April 2006 indicated that mangroves 
were lost from nine estuaries between 1982 and 1999 and from a further two estuaries (Lovu and 
Mahlongwa) between 1999 and 2006 (Table 2.1).  The earlier described populations may have 
been opportunistic.  Most of the estuaries that had mangroves with an area less than 0.5 ha seem 
to have lost this type of vegetation.  Many anthropogenic developments have taken place in the 
KZN estuaries since European settlement with negative consequences for mangroves (Table 2.2).  
Estuaries where mangrove forests still exist were open to the sea (i.e. tidal) for a minimum of 56% 
of the time period 1996-2005.  All estuaries where mangroves had been lost were open for less 
time than 56% except for the Lovu Estuary, which was open for 82% of the time. Mangrove 
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estuaries from Little Manzimtoti to Mtamvuna have been impacted by national roads (N2 Highway) 
and railway bridges (Plate 2.2). The bridges act as barriers to water flow and can result in 
impoundment of water due to poor design. In other cases (Mlalazi and Mgeni) sediment deposition 
in the lower reaches of the estuary increased mangrove cover as it allowed the colonization of new 
areas.   
 
 
 
 
 
 
 
 
 
Plate 2.2:  Location of bridges across estuaries where mangroves were once present taken 
in April 2006 (Left - Ngane Estuary, Right - Little Mamzimtoti).  
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Table 2.1: Mouth condition and present distribution of mangroves from Mlalazi to 
Mtamvuna estuaries in KwaZulu Natal.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(**Steinke, 1999) Shaded rows indicate where forests have been lost. 
Estuary Average time (%) that 
the mouth was open 
from 1996- 2005 
Presence or absence of 
mangroves  
  1999** 2006 
Mlalazi 98 Yes Yes 
Mhlanga 41 No No 
Mgeni 95 Yes Yes 
Durban Bay 100 Yes Yes 
Sipingo 56 Yes Yes 
Little Manzimtoti 29 No No 
Lovu 82 Yes No 
Msimbazi 32 No No 
Mgababa 48 No No 
Ngane 51 No No 
Mkomazi 99 Yes Yes 
Mahlongwa 9 Yes No 
Kongweni 54 No No 
Bilanhlolo 53 No No 
Mhlangankulu 29 No No 
Khandandlovu 54 No No 
Mtamvuna 97 Yes Yes 
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Table 2.2:  Historical review of developments near estuaries where mangroves were present in 1982 that may have lead to changes in 
the aerial cover of the mangrove forests.   
Estuary Year Developments that could affect mangrove cover (documented affects) Reference Past 
cover * 
1982 
Present 
cover ** 
2006 
% lost or 
gained  
Mlalazi 1948 
 
1950 
1952 
Sediment deposition due to siltation from agricultural activities leads to 
increase in mangrove cover  
Regular closure of mouth, loss of mangroves  
Mouth remains open, mangroves re-colonise 
Begg, 1978;  
Bruton, 1980;  
Badenhorst et al. 1989 
30 60 +100% 
Mhlanga 1960 
1980 
National road bridge built 
Mouth closure - rise in water level  
Begg, 1984 <0.5 0 -100% 
Mgeni (Beach-wood) 1982 
 
 
1987 
 
 
Canalisation of the Mgeni Estuary – large scale siltation due to low river flow 
regimes at this time. Colonisation of mangrove seedlings on deposits of silt.  
Water level rose to 5 m above normal high tide level.  The mangrove swamp 
was inundated.  Some structural damage occurred as large dead trees were 
seen on the adjacent beach.  Fringe vegetation that consisted of some 
Avicennia was affected by the erosion of banks.  
Begg, 1978; 1984 
Badenhorst et al. 1989 
44 20.3 -53.9% 
Durban Bay 1900 
 
 
1981 
Infilling and reclamation during harbour development destroyed almost 200 
ha of mangroves that occurred along the southern and western margins of 
the harbour (Plate 2.3) 
The mangroves occupy an area along ~ 1 km of the shoreline. 
Moll et al. 1971 15 16.0 +6.6% 
 
Sipingo 1946 
1952 
 
1961 
 
1966-70 
 
1981 
Building of the airport caused a loss of mangroves 
Diversion of the Mlazi River increased mouth closure of the Sipingo Estuary, 
which lead to the flooding of mangroves 
Pipes laid at mouth to prevent water collecting in estuary once mouth closed 
permanently.   
Development of Industrial area “Prospecton”; further loss of mangroves on 
southern bank, the only remnant remains on the northern bank. 
Township development and harvesting caused a loss of mangroves 
Begg, 1978; 1984 
Badenhorst et al. 1989 
12.5 3.8 -69.6% 
Little Manzimtoti 1937 
1957 
1968 
Construction of the railway bridge over the estuary 
Construction of a road bridge over the estuary 
Construction of the N2 road bridge over the estuary; presence of rubble 
below the bridge was said to dam up the river and limit the extent of the 
lagoon 
Begg, 1984                                                                                                                            <0.5 0 -100%
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Estuary Year Developments that could affect mangrove cover (documented affects) Reference Past 
cover * 
1982 
Present 
cover ** 
2006 
% lost or 
gained  
Lovu 1940 
1959 
 
 
1979 
1984 
 
Construction of a railway bridge over the estuary 
Construction of causeway after a flood damaged railway bridge, this limited 
the natural flow of water, part of it was removed later to allow water through. 
Construction of the N2 road bridge over the estuary 
Initiation of feasibility studies for the transfer of water from the Lovu 
Catchment to the Mgeni.  Begg (1984) remarked that this would lead to an 
increase in mouth closure, but this has not occurred (Table 1).  
Begg, 1984 2 0 -100% 
Msimbazi 1939 
1950 
1979 
Construction of a railway bridge over the estuary 
Construction of the provincial road bridge over the estuary 
Construction of the N2 road bridge over the estuary 
Begg,1984 0.5 0 -100% 
Mgababa 1900 
1937 
1950 
1979 
Construction of the railway bridge (1) over the estuary 
Construction of railway bridge (2) over the estuary 
Construction of a road bridge over estuary 
Construction of the N2 road bridge over estuary, interfered with the salinity 
regime (became more fresh), increased turbidity with infilling of the lagoon.  
The building of the freeway impounded water above it and prevented the 
mixing with saline water from below the bridge.   
Begg, 1984 0.5 0 -100% 
Ngane 1934 
1950 
1982 
Construction of the railway bridge (2) over estuary 
Construction of a road bridge over estuary 
Construction of the N2 road bridge over estuary 
Begg, 1984 0.5 0 -100% 
Mkomazi 1865 
1920 
1971 
 
1980 
 
Establishment of the harbour for 60 ton vessels at mouth of Mkomazi 
Tidal regime reached 13 km upstream but this was reduced to 3 km in1984 
Harvesting and ring barking of mangroves trees. Loss due to hut construction 
and medicinal use  
Construction of the  N2 road bridge over estuary 
Begg, 1984 2 2 0 
Mahlongwa 1900 
1940 
1942 
Construction of the railway bridge (1) over estuary 
Construction of road bridge over estuary  
Construction of a railway bridge over estuary 
Begg,1984 1 0 -100% 
Kongweni No date Construction of a foot bridge  
 
 
Begg, 1978 <0.5 0 -100% 
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Estuary Year Developments that could affect mangrove cover (documented affects) Reference Past 
cover * 
1982 
Present 
cover ** 
2006 
% lost or 
gained  
Bilanhlolo 1974 Construction of a road bridge Begg,1984 0.5 0 -100% 
Mhlangankulu 1977 Heavy siltation after a flood in 1977 Begg, 1978 <0.5 0 -100% 
Khandandlovu 1983 Construction of a bridge over the river Begg,1984 <0.5 0 -100% 
Mtamvuna 1961 Completion of a suspension bridge  Begg, 1978 1 0.3 -70% 
*Ward and Steinke, 1982; ** Pillay pers comms, 2006 
 
 
 
 
 
 
 
 
Plate 2.3:  Evidence of bark harvesting and pollution at Durban Bay Harbour taken in April 2006. 
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Species present and the salinity of the estuaries where mangroves were found in 2006.  The 
lowest salinity was recorded at Mkomazi (0 PSU) and the highest at Durban Bay (25 PSU).  At the 
time of sampling the mouth was open for all estuaries. Rhizophora was not found at Mlalazi or 
Mkomazi estuaries during the April 2006 survey but was previously recorded there by Ward and 
Steinke (1982). 
Table 2.3:  Physical conditions of estuaries with mangroves in April 2006, with indication of 
mangrove species present.  
Name of 
Estuary 
Salinity (PSU) at 
time of sampling 
Species present (Ward 
and Steinke, 1982) 
Species present 
(2006) 
Mlalazi 5-15 Rm, Bg & Am Bg & Am 
 
Mgeni 1-10 Rm, Bg & Am Rm, Bg & Am 
 
Durban Bay 25 Rm, Bg & Am Rm, Bg & Am 
 
Sipingo 5-20 Rm, Bg & Am Rm, Bg & Am 
 
Mkomazi 0 Rm, Bg & Am Bg & Am 
 
Mtamvuna 7 Bg Bg 
 
Am-Avicennia marina, Bg-Bruguiera gymnorrhiza & Rm-Rhizophora mucronata. 
 
Tree density, adult tree to seedling ratio, average height of seedlings and tree DBH are 
summarised for each species in each mangrove forest (Table 2.4).  The highest adult to seedling 
ratio was found at Mgeni Estuary for Bruguiera, Sipingo Estuary for Rhizophora and Durban Bay 
for Avicennia.  At Mgeni Estuary, there were three times as many adult trees as seedlings for 
Rhizophora.  Tree density was similar at all estuaries sampled (H (5, n=23) = 6.78, p > 0.05).  The 
highest density was found at Mlalazi Estuary (9.21 + 1.4 m-2), Mgeni Estuary (8.0 + 1.2 m-2) and 
Sipingo Estuary (8.8 + 1.5 m-2).  At Mkomazi Estuary, there were numerous saplings of Avicennia 
that were recorded in a single 25 m2 quadrat, which accounted for the high density at this estuary.  
The density of Avicennia was similar to Bruguiera but was significantly higher than that of 
Rhizophora (H (2, n= 69) = 18.0 p < 0.05) at all estuaries. The DBH for the adult trees of Rhizophora 
was significantly higher than that of Avicennia and Bruguiera (H (2, n= 722) = 64.21 p < 0.05).  The 
DBH of Avicennia trees found at Durban Bay was significantly larger than for those found at other 
estuaries in the study (H (4, n= 163) = 36.50 p < 0.05).  The Bruguiera trees found at Mgeni Estuary 
had a significantly greater DBH than those found at other estuaries, while those found at Durban 
Bay had a  significantly smaller DBH (H (5, n= 429) = 125.74 p < 0.05).  The Rhizophora adults trees 
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found at Mgeni Estuary had a significantly greater DBH than those found at Durban Bay and 
Sipingo Estuary (H (2, n= 110) =37.26 p < 0.05). 
The transition from seedling to juvenile is an important consideration as at most sites more 
seedlings than juveniles were encountered for Avicennia with less than 20% of seedlings surviving 
to juveniles and adults (Table 2.5). The maximum heights of all the trees encountered were similar 
for Avicennia and Bruguiera but lower than Rhizophora.  Avicennia stems were generally thinner 
except at Durban Bay, where DBH were always greater than 10 cm. All size classes were present 
in Bruguiera populations while stems were biggest at Sipingo for Rhizophora (Table 2.6). 
Significant correlations were recorded between height and DBH for all species (Avicennia (r2= 
0.83, p < 0.05), Bruguiera (r2= 0.76, p < 0.05) and Rhizophora (r2= 0.85, p < 0.05).  
While a large number of seedlings were recorded in all forests, the number of trees showing 
reproductive material, during the time sampled was small (Table 2.7). Avicennia was only 
observed with propagules at Sipingo Estuary, while Rhizophora was observed with calyxes and 
propagules at Sipingo Estuary and Durban Bay.  Bruguiera was observed with reproductive 
material at all estuaries.  The minimum height of individuals that were producing calyxes differed 
among species.  Bruguiera was reproductive at a height of 56 cm compared to Rhizophora (189 
cm) and Avicennia (550 cm). 
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Table 2.4:  Population structure of each mangrove species in each sampled mangrove 
forest. 
Species Estuary Density  
(m-2) 
Adult to 
seedling 
ratios 
Average height of 
seedlings = cm + SE 
(N) 
 
Average DBH of 
adults = cm + SE 
(N) 
Avicennia 
marina 
Mlalazi 4.7 1:10 14.8 + 3.8   (647) 2.4 + 0.2   (57) 
 
Mgeni 3.4 1:19 25.0 + 9.3   (457) 1.5 + 0.4   (20) 
 
Durban 
Bay 
2.5 1:22 23.0 + 0.6   (165) 20.3 + 1.6  (8) 
Sipingo 2.9 1:7 27.0 + 19.5 (174) 1.7 + 0.2    (77) 
 
Mkomazi 12 1:12 33.7 + 2.0   (175) 0.3 + 0.02  (22) 
 
Average 4.1 + 1 1:14 24.7 + 3.1   (1618) 2.5 + 0.3    (183) 
 
Bruguiera 
gymnorrhiza 
 
Mlalazi 4.4 1:2 54.8 + 1.7   (247) 1.7 + 0.09  (200) 
 
Mgeni 4.7 1:23 38.4 + 3.3   (665) 8.1 + 0.8    (31) 
 
Durban 
Bay 
2.9 1:4 49.8 + 0.1   (117) 1.4 + 0.3    (42) 
 
Sipingo 1.5 1:3 47.8 + 1.2   (277) 2.7 + 0.2    (105) 
 
Mkomazi 1.24 1:3 35.8 + 2.6   (30) 6.9 + 0.6    (25) 
 
Mtamvuna 0.9 1:3 35.3 + 2.9   (59) 2.7 + 0.5    (24) 
 
Average 3.5 + 0.8 1:7 41.4 + 3.1(1395) 2.8 + 0.1    (429) 
 
Rhizophora 
mucronata  
 
Mgeni undetermined 3:1 44.7+ 2.4     (26) 5.1 + 0.1     (72) 
 
Durban 
Bay 
0.5 1:2 52.5 + 0.01  (19) 1.9 + 0.7     (10) 
 
Sipingo 1.8 1:8 49.5 + 1.1    (231) 2.5 + 0.6      (28) 
 
Average 0.5 + 0.4 1:3 48.7 + 1.9    (250) 4.2 + 0.2     (110) 
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Table 2.5: Population structure of each species in terms of height. The data were averaged 
for the three sampled quadrats per mangrove forest and the standard error (SE) was 
calculated.   
 Number of stems (+ SE) per height class 
Estuary Avicennia marina 
Height (cm) <50 50.1-130 >130 Max 
Mlalazi 192 + 46 25 + 15 20 + 9 600 
Mgeni 129 + 70 30 + 14 8 + 5 620 
Durban Bay 53 + 35 1 + 1 2+ 2 910 
Sipingo 125 + 115 28 + 20 25 + 15 599 
Mkomazi 66 200 29 192 
Mtamvuna 0 0 0  
 Bruguiera gymnorrhiza 
Mlalazi 0 136 + 45 79 + 23 295 
Mgeni 152 + 42 54 + 28 9 + 5 1000 
Durban Bay 5 + 3 49 + 3 15 + 4 910 
Sipingo 38 + 18 57 + 31 37 + 18 514 
Mkomazi 20 10 28 750 
Mtamvuna 21 55 24 900 
 Rhizophora mucronata 
 
Mlalazi 0 0 0 0 
Mgeni 0 0 71 604.3 
Durban Bay 1 + 1 9 + 1 4 + 1 649 
Sipingo 20 + 18 63 + 49 9 + 3 598 
Mkomazi 0 0 0  
Mtamvuna 0 0 0  
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Table 2.6:  Number of stems in each DBH size class for adults in each mangrove forest.  
 
 
 Number of stems per DBH size class 
Estuary Avicennia marina 
DBH (cm) 0-1 1.1-2 2.1-3 3.1-4 4.1-5 5.1-10 >10.1 Max.  
Mlalazi 11 20 17 6 4 5 0 8.3                 
Mgeni 10 6 3 0 0 1 0 7.4 
Durban Bay 0 0 0 0 0 0 8 24.6 
Sipingo 40 13 16 3 2 1 2 10.2 
Mkomazi 21 0 0 0 0 0 0 0.4 
Mtamvuna 0 0 0 0 0 0 0 0 
 Bruguiera gymnorrhiza 
Mlalazi 35 108 40 12 3 0 1 14.9 
Mgeni 1 4 0 0 2 11 13 19.2 
Durban Bay 31 8 1 1 0 3 0 9.1 
Sipingo 29 33 5 6 8 23 1 10.5 
Mkomazi 0 3 0 4 0 12 5 10.8 
Mtamvuna 6 8 3 1 1 5 0 7.7 
 Rhizophora mucronata 
Mgeni 0 0 6 8 23 35 0 9.5 
Durban Bay 5 3 0 0 0 2 0 5.8 
Sipingo 13 8 3 0 0 1 3 12.3 
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Table 2.7:  Reproductive characteristics for each mangrove forest.  All individuals sampled 
were included for Bruguiera gymnorrhiza as juveniles produce propagules, otherwise only 
adults were included. 
Species Estuary Percent of trees 
showing calyxes 
and propagules (%) 
Height (cm) of trees 
with reproductive 
material 
N 
Min.  Max. 
Avicennia 
marina  
Sipingo 2.5 550 590 77 
Bruguiera 
gymnorrhiza 
Mlalazi 32 56 600 675 
Mgeni 0.7 130 212 767 
Durban Bay 5 131 910 216 
Sipingo 3 234 512 402 
Mkomazi 42 170 700 61 
Mtamvuna 12 201 900 103 
Rhizophora 
mucronata 
Durban Bay 10 189 649 40 
Sipingo 2 264 598 105 
 
Discussion and Conclusion 
Mangroves were lost from nine estuaries (Mhlanga, Little Manzimtoti, Msimbazi, Mgababa, Ngane, 
Kongweni, Bilanhlolo, Mhlangankulu and Khandandlovu) in KZN between 1982 and 1999 (Ward 
and Steinke, 1982; Steinke, 1999).  The original populations were small (<0.5 ha) and probably 
opportunistic.  From 1999 to 2006 a further two mangrove forests were lost from the Lovu and 
Mahlongwa estuaries in KZN. Harrison et al. (2000) classified most of these estuaries as normally 
closed (i.e. open less than 30% of the time).  The closed state would have caused long-term 
inundation of the mangrove forests and, as shown in other estuaries, mangroves are intolerant of 
long-term inundation i.e. between five and eight months (Breen and Hill, 1969; Begg, 1978; Bruton, 
1980). A reduction in river base flow causes small estuaries to close more frequently than under 
„reference or natural‟ conditions. The abstraction of freshwater for human use and an increase in 
irrigated agriculture in the floodplain may have resulted in an increase in mouth closure of 
estuaries that, historically, were open for much longer each year than at present. Where some 
base flow continues, instead of the mouth being retained in the open condition, it closes, but the 
water level within can rise for periods of weeks and months. The effect of a sustained high water 
level on mangroves was documented in the Mlalazi Estuary where some Avicennia individuals 
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were lost due to prolonged flooding of their root structures (Badenhorst et al. 1989). In the case of 
Mlalazi the forests were able to regenerate from surviving populations (Bruton, 1980), and this 
trend is still evident in the present study. The loss of mangroves from the Lovu, Mkomazi, 
Mahlongwa, Msimbazi and Mgababa estuaries was due to the conversion of wetland areas to 
other land uses such as sugarcane fields (Begg, 1978). Some of these latter mangrove areas were 
also negatively impacted by the construction of the N2 Freeway, where loss may have been 
facilitated by changes in hydrology.   
The small size of the mangroves at some forests (area cover of approximately 0.5 ha), would have 
decreased the potential of the mangrove species to regenerate after disturbances. Populations 
could have regenerated from propagules floating into open estuaries from near-by forests (by tides 
and currents). Studies have shown that mangrove propagules are adapted to float to new areas 
and will colonise these areas if conditions are suitable (Kathiresan and Bingham, 2001). The 
movement of mangrove propagules along the KZN coastline may have facilitated the 
establishment of potential forests when conditions were suitable but due to changes in mouth 
conditions and estuarine habitat, this was not possible.    
Dahdouh-Guebas and Koedam (2002) reviewed the process of describing the dynamics of 
vegetation (population) structure of mangrove forests in some parts of Africa.  In their approach, 
the presence of seedlings, juveniles and adults is used to describe the state of the forest in terms 
of dispersion, establishment and development.  A forest with only seedlings and juveniles implies a 
colonising state (referred to as a colonising-dynamic type); i.e. where the mangroves are 
spreading to new areas, which may be the case in some parts of the Mgeni Estuary, where many 
seedlings were found under dead adult trees.  A forest that only has adults is in a state of decline 
and if not managed correctly will be lost (degradation dynamic type). This was previously found at 
Mtamvuna Estuary by Adams et al. (2004) but more recently this forest has become a rejuvenation 
dynamic type forest due to the presence of adults, seedlings and juveniles.  All the forests sampled 
in this study appear to be of this dynamic type.   Bruton (1980) classified the mangrove forests at 
Mlalazi, Durban Bay, Sipingo and Mgeni as severely damaged and that it was highly unlikely that 
complete recovery would take place within the next decade (1980-1990).  This study found that 
these forests showed an inverse J-shaped curve for the distribution of individuals in relation to 
height which implies that these forests were regenerating.  A reverse-J distribution is characteristic 
of trees that maintain a more or less constant rate of recruitment and the population structure 
shows more seedlings than adults (Klimas et al. 2007). The number of seedlings and saplings 
gives an indication of whether natural regeneration is taking place (Ashton and Macintosh, 2002).  
While all the forests seem to be regenerating the potential for regeneration may be limited if the 
mouth and physical conditions of the estuaries were to change.   Blasco et al. (1996) noted a 
radical response by Bruguiera and Rhizophora to hydrological, salinity, soil and tidal regime 
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changes.  The absence of Rhizophora, previously found at Mlalazi and Mkomazi estuaries (Ward 
and Steinke, 1982) during the present study is likely due to salinity changes because the salinity 
tolerance range of Rhizophora does not vary much from that of seawater (~35 PSU) (Adams et al. 
2004a). Avicennia and Bruguiera have a tolerance range of 0-35 PSU (Adams et al. 2004a).  The 
highest density of Rhizophora was found at Sipingo Estuary.  The health of the forest at Sipingo 
seems compromised by poor tidal functioning and anthropogenic impacts, the mangrove forest 
seems to be tolerant for the present conditions but long-term monitoring especially for Rhizophora 
should be implemented by the local conservation authority Ezemvelo KZN Wildlife to ensure the 
survival of this species. This can only be ensured if data regarding changes in estuarine hydrology 
and functioning is available and acted upon by the relevant authorities.   
At Mgeni Estuary, the absence of Rhizophora seedlings in intact stands of adult trees may be due 
to low light conditions under the canopy; however literature has classified this species to be shade 
tolerant (Krauss and Allen, 2003) or herbivory.  Krauss and Allen (2003) and Krauss et al. (2008) 
have noted that light/salinity interactions are important for seedling growth and establishment. Gap 
dynamics also play a vital role in the structural development of a mangrove forest (Duke, 2001). 
Greenhouse experiments have shown that growth increases 126 % for Bruguiera in unshaded 
treatments but under field conditions there was no significant difference between gaps and closed 
canopies (Krauss and Allen, 2003).  Ward and Steinke (1982) recorded 1 ha of Bruguiera at 
Mtamvuna, which is the southernmost estuary in KZN.  Adams et al. (2004) recorded a total of five 
adult trees in 0.25 ha in the upper reaches of the estuary and no juveniles.  During this study 100 
individuals were encountered and measured, the tallest being 9 m and the smallest 4 cm in height.  
The adult to seedling ratio was a healthy 1:3 and it seems that this group of plants may be set to 
increase.  One limiting factor may be the stand of Phragmites australis that cuts off the mangroves 
from the channel and the presence of Hibiscus tiliaceus interspersed around the mangroves.  The 
spread of P. australis should be monitored using GIS, as this may indicate changes in the 
estuarine hydrology and nutrient loading due to activities along the banks (Hardej and Ozimek, 
2002). 
Steinke (1999) summarised the phenology of mangroves in South Africa.  Avicennia and Bruguiera 
produce flowers from February to May and drop fruit from March to May and December to May 
respectively.  Rhizophora produces flowers from December to March and drops fruit from February 
to March.  Only a small number of adults in this study were found to have calyxes and propagules 
at all the forest sites, but the number of seedlings at each forest was high.  Avicennia was only 
observed with propagules at Sipingo Estuary.  Saplings of Bruguiera (<1 m) were observed with 
calyxes and propagules while the other two species were limited to adults greater than 1.3 m in 
height.  Other authors have noted that the production of propagules in Avicennia germinans was 
restricted to trees between 1 and 1.5 m in height in Mauritania (Dahdouh-Guebas and Koedam, 
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2002). In South Africa Avicennia has only been observed with propagules when their size was 
greater than 2 m at Mngazana (pers. obs.).  This kind of information is vital for management 
recommendations because it shows that for some mangrove species, trees must be allowed to 
reach a certain maturity (Avicennia and Rhizophora >1.3 m) before propagule production can take 
place.  
 Another important consideration is the percentage of propagules that do not become seedlings 
due to factors such as consumption by crabs (Nagelkerken et al. 2008). This information is lacking 
for mangrove forests in South Africa. If there are further losses of mangroves along the KZN coast 
the country stands to lose biodiversity in the form of associated estuarine habitat, mangrove 
associated fauna and mangrove ecosystem processes.  Therefore the remaining mangroves need 
to be maintained to conserve the remaining species and the unique habitat. 
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Section B: Kosi Bay to Mhlathuze:  Sediment conditions and population 
structure of the largest mangrove forests. 
 
Introduction 
In Africa, mangroves are a valuable resource; for building, fire-making and trading but it is the 
ecological services of mangrove forests that are most valuable (Gilbert and Janssen, 1998; Alongi, 
2002; Dahdouh-Guebas et al. 2005; Walters et al. 2008).  The products and services provided by a 
hectare of mangrove forest is valued at 200 000 – 900 000 USD (FAO 2003, Gilman et al. 2008).  
The most recent estimate of mangrove cover along the coastline of Africa was 3 350 813 ha (FAO 
2003) and South Africa has 0.05% of that area.   In South Africa the natural limit is found at 
Kobonqaba Estuary (32o0‟ S, 28o29‟ E), in the Eastern Cape (Ward and Steinke, 1982; Adams et 
al. 2004).    
An assessment of the population structure of mangrove forests and comparison with past data can 
indicate how the populations respond to environmental conditions, species interactions and 
regeneration from past disturbances (Condit et al. 1998; Sherman et al. 2001; Dahdouh-Guebas 
and Koedam, 2002; Piou et al. 2006).    The mangrove forests in the northern estuaries of the east 
coast of South Africa (Figure 1) have been influenced by both natural and anthropogenic 
disturbances.  Cyclones, such as Cyclone Claude in 1966 and Domoina and Imboa in 1983-1984 
are infrequent, but the negative effects on the structure of the mangrove forests were well 
documented (Moll et al. 1971, Steinke and Ward 1989, Ward et al. 1986). Freshwater abstraction 
and poor bridge design has caused the mouths of some mangrove estuaries to close to the sea 
more frequently, leading to long term inundation of roots and subsequent death of the mangroves 
(Breen and Hill 1969, Bruton, 1980, Begg, 1978).  More recently large wave events (KZN – 2007) 
have caused localised changes to environmental conditions in estuaries where mangroves are 
found (e.g. the mouth of St Lucia was opened after being closed for six years (2002-2007) due to 
extreme waves) (Taylor pers comm, 2006).  Rising water levels have been one of the main factors 
that have lead to localised mangrove disturbances and mortalities in Kosi Bay (1965-1966) and 
Mgobezeleni Estuary (74 km south of Kosi Bay) (Bruton, 1980).  A further complication at Kosi Bay 
is the increasing number of fish traps in the tidal basin.  Green et al. (2006) noted that fish traps 
lead to a subsequent spreading of the mangroves through propagule trapping and sediment 
deposition.   Generally, mangrove sediments are dominated by small particle sizes usually from 
riverine sources with some marine sediments also present (Lovelock et al. 2007).  The particle size 
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and composition of the sediment has a major influence on other biogeochemical characteristics 
such as; redox, pH and organic and moisture content (Clarke and Kerrigan, 2000).  These in turn 
affect the growth and population dynamics of the mangrove populations growing on the sediment 
and the exchange of organic materials with the near-shore environment. The age of a forest will 
also influence sediment characteristics such as organic matter content (27 year old forest – 12%, 
>50 yr old forest – 38%; McKee and Faulkner 2000). 
This chapter focuses on the present population structure and sediment characteristics of the 
mangrove forests at the following estuaries namely Kosi Bay (27° 0‟S, 32° 50‟E), which lies on the 
border of South Africa and Mozambique, St Lucia (28°18‟S, 32°26‟ E) and two forests in Richards 
Bay, namely Echwebeni (28o48‟S, 32o03‟E), in the Richards Bay Harbour and Mhlathuze Estuary 
(28°47‟S , 32°06‟E), (Figure 2.1).  The purpose of this study was to determine the present state of 
mangroves in the large forests of northern KwaZulu-Natal by assessing the current population 
structure and relationship with sediment characteristics.  The current population structure will 
determine the regenerating, degrading or colonising state of the forest (Dahdouh-Guebas and 
Koedam, 2002), and will add to the understanding of the type of management that is required for 
future existence of the forest. The sediment conditions of a forest may influence species 
distribution, as well as long term growth and survival. Management of these forests is paramount 
and long term monitoring will be required to predict threats to these forests. Long term monitoring 
requires baseline data with regards to population structure and sediment characteristics, which are 
provided in this chapter.    
Estuary description 
All estuaries with mangroves in this study fall within the Subtropical East Coast Province in terms 
of bio-geographical areas of South Africa (Whitfield 1998). The mean monthly rainfall at Kosi Bay 
was 79.9 mm month-1 during the period 1951-2007, while the mean annual rainfall for the same 
period was 945 mm yr-1. Minimum temperatures range from 11-22 oC and maximum from 23 -
29oC.  The changing sea level and fluvial hydrodynamic regime during the Pleistocene and 
Holocene led to changes in the coastline and the formation of the Kosi Estuary/Lake system.   A 
negligible increase in the area of mangrove forest from 59 ha (Ward and Steinke 1982) to 60.7 
(Pillay pers comms, 2006) has occurred. The diversity of habitats results in a diversity of plant 
communities, which range from freshwater swamps, reeds and sedges to mangrove forests.  
There are two types of mangal communities, namely the mangrove associates (Barringtonia 
racemosa (L.) Roxb. and Hibiscus tiliaceus L.) and the mangrove proper (six species) which forms 
a fringing mangrove forest. Salinity in the tidal basin, where the main area of mangroves is located 
may drop as low as 8 PSU during a spring low tide (Wright et al. 1997).   Kosi Bay is made up of 
four linked water-bodies that are influenced by freshwater at the head and seawater close to the 
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mouth (Wright et al. 1997).  This results in a transition from freshwater to brackish water in the 
upper lakes to marine dominated water in the tidal basin.  
The mean monthly rainfall at St Lucia was 109.1 mm month-1 during the period 1918-2007, while 
the mean annual rainfall for the same period was 1261 mm yr-1. Minimum temperatures range from 
11.9-23.10C and maximum from 19.6 -30.9oC for the period 1970-2007.  The St Lucia Estuarine 
system is the largest coastal lagoon in Africa.  The surface area of the entire system is 350 km2 
and the average depth is 0.9 m, i.e. it has a large surface area to volume ratio.  The system 
consists of two parts; Lake St Lucia (North Lake, False Bay, South Lake) and St Lucia Estuary 
(consisting of the Narrows-21 km) which is 60 km in length and tidal during open mouth conditions 
(Taylor et al. 2006).  Mangroves extend from the mouth to where the Southern Lake enters the 
Narrows, on both sides of the channel and is one of three vegetative units found in the intertidal 
shorelines and one of 17 found in the St Lucia Estuarine system.  The area of mangrove forest has 
increased from 160 ha (Ward and Steinke, 1982) to 571 ha (Pillay pers comms, 2006).  Begg 
(1978) described the mangroves as peripheral, surviving in the Narrows (estuary) and consisting of 
two species (Avicennia and Bruguiera) found in the mid tide to extreme spring-high tide level and 
forms a fringing mangrove forest.  The main physical determinates for this vegetation unit were 
tidal exchange, salinity, water level, inundation and temperature (Taylor et al. 2006). The variable 
input from three freshwater sources; namely inputs from the tributaries, rainfall and groundwater 
from the dunes, coupled with high evaporation rates (925 mm in a dry year and 350 mm in an 
average year) has resulted in hypersaline conditions (values three times that of seawater during 
drought conditions) (Begg, 1978; Taylor et al. 2006).   
The mean monthly rainfall at Richards Bay was 133.9 mm month-1 during the period 1951-2007, 
while the mean annual rainfall for the same period was 1176 mm yr-1. Minimum temperatures 
range from 6.5-23.2 oC and maximum from 10.3 -32.4oC for the period 1970-2007.  The Richards 
Bay embayment consists of the Richards Bay harbour, constructed in 1960, and the Mhlathuze 
Estuary.  The Echwebeni Site of Conservation Significance is located in the harbour area of the 
Port of Richards Bay on the northern KwaZulu-Natal coast. The entire site covers an area of 
approximately 54 ha.  There are four plant communities present in this relatively small area.  
These are coastal forest, fringing mangrove forest, Phragmites australis (Cav.) reed swamp, and 
Hibiscus/Barringtonia swamp.  Three mangrove species are present at Echwebeni (Avicennia, 
Bruguiera and Rhizophora).  Tides in the harbour are semi-diurnal, with the average neap tidal 
range at 0.52 m and the spring tidal range at 1.8 m (Schoonees et al. 2006).  Functioning as a 
fringing mangrove forest, (Avicennia, Bruguiera and Rhizophora) it covers an area of 652 ha in the 
Mhlathuze area (Ward and Steinke 1982, Riddin 1999).  The harbour is situated in the upper 
portion of the estuary while the sanctuary is in the lower portion.  The sanctuary refers to the 
southern remnant of the Mhlathuze Estuary.  A new mouth was constructed for the sanctuary, 
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which resulted in a number of changes in the physical functioning of the system.   Richards Bay 
was classified as an estuarine embayment, and the lower sanctuary area as a permanently open 
estuary.   The cross section area of the new mouth increased from 200 to 900 m-2 due to tidal 
scour.  The tidal range increased from 0.1 m to 0.9 m.   
Materials and Methods 
The mangroves in the Kosi Bay and St Lucia estuarine systems, part of the iSimangaliso Wetland 
Park, and Mhlathuze Estuary in Richards Bay, were sampled on a spring tide at the end of April 
2007.  Echwebeni situated in the harbour of Richards Bay was sampled in September 2008. The 
KZN coastline had experienced a sea storm and unusual wave action (height and frequency) in the 
period (19-22 March 2007) before sampling took place and as a result the mouth of St Lucia was 
opened after being closed for an extended period of time (June/July 2002 - March 2007).  The 
mouth closed again after 175 days in August 2007.  All systems were tidal at the time of sampling.    
Three replicate holes were augered for sediment analysis at each site.  Sediment was collected at 
two depths; surface and 50 cm.  All sediment was collected at low tide; redox potential (mV) and 
pH were not measured in the field but within 12 hours of collection due to the type of meters that 
were available for use (Middelburg et al. 1996; Marchand et al. 2004; Bornman et al. 2008).  
Redox potential was measured using a Metrohm oxidation-reduction potential platinum electrode 
attached to a pH/redox meter (EDT Instruments, RE 357 Microprocessor, series 3) (The Non-
Affiliated soil analyses working committee 1990).  pH was measured using a pH probe glass 
electrode (Mettler Toledo InLab 407)  attached to a EDT Instruments, RE 357 Microprocessor, 
Series 3 pH meter, calibrated at pH 4.0 and 7.0 (Black 1965).  The samples were then transported 
back to the laboratory where moisture content (Black 1965), organic matter content (Briggs 1977), 
particle size (Day 1965, Gee and Bauder 1986) and electrical conductivity (EC-CyberScan 200 
Handheld salinity, conductivity and temperature meter) (Ferreira et al. 2007) were measured. In 
the field porewater electrical conductivity, salinity and temperature were measured in each 
augered hole using a YSI 63 (Handheld salinity, conductivity and temperature meter) and depth to 
the water table was measured using a meter stick. The number of sites measured per forest was 
determined by the population structure of the forest and the species composition.  
At each site a number of replicate quadrats (Kosi Bay=6 sites with 4 quadrats in each site; St 
Lucia=2 sites with 4 quadrats in each site, Mhlathuze=5 sites with 4 quadats in Site 1-3 while Site 
4 had 13 and Site 5 had 28 quadrats, Echwebeni=3 sites with 3 quadrats each) were sampled to 
determine the population structure of the mangrove species present at the site.  Each quadrat was 
25 m2.  Positions of sites were determined by the distribution of species so as to capture the 
population structure of each species at each forest.  The position of each quadrat in each site was 
randomly selected.  The population was divided up into the following <100 cm, >100-129 cm and 
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>130 cm for all mangrove species that were identified.  The height of seedlings and saplings was 
measured.  Height and diameter at breast height (DBH = 1.3 m) were measured for each adult 
mangrove tree. If a tree was multi-stemmed then only the main stem was measured. 
Statistical analysis 
The skewness and kurtosis of the population structure, sediment and porewater data were tested 
to determine the normality of the data.  The data were not normally distributed and non-parametric 
tests were used to determine differences between estuaries, sites and depths.  A Kruskal-Wallis 
ANOVA was used to test between sites and depths and a multiple comparison of mean ranks was 
used to further test between individual means.  All statistical analyses were run using Statistica, 
and significance was determine at p<0.05 (Version 8.0, 2008) (StatSoft Inc. 2007).  
Results  
Population structure 
Lumnitzera racemosa and Ceriops tagal were only found at Kosi Bay as this is the southern 
distribution limit for these species. The density of mangrove trees, across all estuaries, were 
similar except at Mhlathuze where the average density of trees was significantly lower (H (df=3, N= 198) 
=35.40 p <0.05) (Table 2.8).  The density of Avicennia and Bruguiera followed a similar pattern, it 
was significantly lower at Mhlathuze compared to other sites (AM - H (3, N= 88) =26.50 p<0.05; BG - 
H (3, N= 75) =9.68 p <0.05).  The density of Rhizophora was similar across all estuaries, where this 
species was found. (H (2, N= 19) =2.96 p >0.05).   
The greatest numbers of seedlings were encountered at Echwebeni.  This mangrove forest also 
had significantly more saplings for Rhizophora compared to other estuaries (H (df= 2, N= 19) =9.82 p 
<0.05).  There were no Avicennia saplings at St Lucia and Mhlathuze (H (3, N= 88) =23.63 p <0.05) 
while there were no Bruguiera saplings at St Lucia but density was similar at all other sites. Overall 
there were significantly more Avicennia saplings than Bruguiera (H (3, N= 198) =27.81 p <0.05).  
Avicennia trees were significantly taller at Mhlathuze and significantly shorter at Kosi Bay (H (df=3, N= 
823) =290.93 p <0.05), while Bruguiera trees were significantly taller at Echwebeni (BG - H (df= 3, N= 
716) =273.14 p <0.05) and similar at other sites.  Rhizophora trees were also taller at Echwebeni 
compared to Mhlathuze and Kosi Bay (RM - H (df=2, N= 122) =17.84 p <0.05) (Figure 2.2).  
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Table 2.8:  Population characteristics for each species (average ± SE) at each estuary (Species - Avicennia marina-AM, Bruguiera 
gymnorrhiza-BG, Ceriops tagal-CT, Lumnitzera racemosa-LR, Rhizophora mucronata-RM). 
Estuary Species Density (number of individuals.ha-1) Basal area 
(m2 ha-1) Total density  Seedling  Sapling Trees 
Kosi Bay AM 32 040 + 8 495 28 780 183 1 383 5.7 + 0.7 
 BG 22 119 + 4 544 18 733 1 316 2 066 3.4 + 0.1 
 RM 24 700 + 9 299 20 850 1 000 2 850 6.3 + 0.8 
 CT 28 800 + 1 911 19 500 3 200 6 100 2.3 + 0.2 
 LM 2 866 + 948 933 0 1 933 4.7 + 0.1 
Average 22 104 + 5 100 17 759 + 4 572 1 139 + 570 2 866 + 841 4.5 + 0.7 
St Lucia AM 2 400 + 954 800 0 1 600 12.1 + 1.0 
 BG 11 400 + 5 373 0 0 11 400 4.0 + 0.2 
Average 6 900 + 4 500 400 + 400 0 6 500 + 4 900 8.2 + 4.0 
Mhlathuze AM 6 982 + 1 034 2 540 84 4 357 21.8 + 0.5 
 BG 11 900 + 3 615  10 600 322 977 2.7 + 0.1 
 RM 2 200 + 1 014 1 400 50  750 3.6 + 0.7 
Average 7 027 + 2 800 4 846 + 2 895 152 + 85 2 028 + 1 166 9.1 + 6.4 
Echwebeni AM 37 933 + 13 884 23 466 533 13 933 6.4 + 0.8 
 BG 20 711 + 6782 10 044 1 333 9 333 6.3 + 0.3 
 RM 78 000 + 6157 64 533 6 666 6 800 5.8 + 0.5 
Average 45 548 + 16 970 32 681 + 16 390 2 844 + 1 924  10 022 + 2 087 6.1 + 0.2 
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Figure 2.2: Average height and average DBH of adult mangrove population present at each 
estuary (with SE.). 
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Sediment characteristics were measured at all sites.  There were no significant differences 
between surface and bottom (50 cm) sediments in all sites at all estuaries for moisture, organic 
content, redox, pH and electrical conductivity.  Average data were therefore not presented for each 
depth but rather for each site and each estuary.  Sediment particle size has a significant effect on 
sediment characteristics such as moisture and organic matter content.  Kosi Bay is a sand 
dominant estuary compared to the other estuaries (Figure 2.3). Similar quantities of silt (3.91 – 
62.5 µm) and clay (<3.91 µm) were found at Echwebeni, Mhlathuze and St Lucia.  These values 
were significantly higher than that found at Kosi Bay (silt (H (3, N= 96) =74.84, p <0.05), clay (H (3, N= 96) 
=71.57, p <0.05)).  The following sand fractions 250–500 µm (medium sand); 125–250 µm (fine 
sand) and 62.5–125 µm (very fine sand) were dominant at Kosi Bay.  
 
 
 
 
 
 
 
 
Figure 2.3: Sediment composition for each of the estuaries in the study site.  
The moisture content of the sediment was significantly lower at Kosi Bay compared to St Lucia, 
Mhlathuze and Echwebeni (24.4% vs. 42.8-68.3%) as shown in Table 2 and 3.  Moisture content 
was similar between sites at Kosi Bay, and Echwebeni; while at St Lucia the sediment at Site 1 
had a significantly higher moisture content than Site 2 and Mhlathuze Estuary, Site 5 was 
significantly higher then Site 1 (Table 2.9). Higher levels of silt were found in these sites (4 & 5). 
Moisture content was positively correlated to the amount of silt (r = 0.8, p<0.05), and negatively 
correlated to the amount of sand in the sediment(r = -0.7, p<0.05). Organic matter content was 
similar at Kosi Bay, St Lucia and Mhlathuze (6-10%) but significantly higher at Echwebeni (>22%) 
(Table 2, 3).  Differences between sites were noted at each estuary except at Kosi Bay (Table 2.9).  
Moisture content (r = 0.6, p<0 .05) was positively correlated with organic matter content while sand 
content was negatively correlated (r = -0.6, p<0 .05) to organic content.  A range of oxidised to 
strongly reduced conditions were measured at the different estuaries.  Reduced conditions were 
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measured at Mhlathuze and Echwebeni (-65 to -300 mV).  Redox readings were significantly 
higher at St Lucia and Kosi Bay in comparison to Mhlathuze and Echwebeni (Table 2.9, 2.10).  
Redox readings were similar at all sites at Kosi Bay and Echwebeni whereas at St Lucia readings 
at Site 2 were significantly higher than those at Site 1. At Mhlathuze, redox was significantly lower 
at Site 5 compared to Site 1 (Table 2.10).  pH was similar between Kosi Bay, St Lucia and 
Mhlathuze (5.6-7.0) but was significantly higher at Echwebeni (7.8-8.2).  Site differences were 
found at St Lucia and Mhlathuze. Sediment Electrical Conductivity was significantly lower at St 
Lucia and Echwebeni than Kosi Bay and Mhlathuze (Table 2.9, 2.10). EC was similar between 
sites in each estuary except at St Lucia and Echwebeni where Site 3 was significantly lower than 
Site 1.  
Porewater Characteristics 
There was no significant difference in the porewater electrical conductivity between Kosi Bay, St 
Lucia and Mhlathuze but electrical conductivity was significantly lower at Echwebeni (Table 2.9) 
when compared to Kosi Bay and Mhlathuze.  The same trend was found for salinity of the 
porewater at all estuaries. The salinity at Echwebeni was the lowest recorded for all sites in the 
Rhizophora site (Site 3 - 5.2 PSU).  There was no significant difference between sites at Kosi Bay 
for electrical conductivity and salinity, the same result was found at St Lucia.  At Mhlathuze the 
electrical conductivity and salinity at Site 5 was significantly higher than Site 1 but were similar at 
all other sites.  Readings at Site 1 at Echwebeni were significantly higher than those recorded at 
Site 3.  The temperature of the porewater was significantly higher at Kosi Bay than all other 
estuaries (Table 2.9, Table 2.10).  Porewater temperature was similar between all sites at all 
estuaries. The depth to water was significantly shallower at Mhlathuze and Echwebeni compared 
to St Lucia and Kosi Bay.  Depth to porewater was similar between sites at Kosi Bay except 
between Sites 2 and 5, where it was shallower at Site 5.  There was no significant difference 
between sites at St Lucia and Mhlathuze.  At Echwebeni depth to water was significantly shallower 
at Site 3 compared to Site 1.  The prevailing sediment characteristics for each species provides an 
idea of the conditions required for growth of a particular species. In South Africa, Ceriops tagal and 
Lumnitzera racemosa occur under a narrow range of conditions as these two species only occur at 
Kosi Bay.  Both species occur in oxidised sediments (high redox), in fairly saline conditions.  The 
density of Ceriops tagal was positively correlated to depth to water table, while Lumnitzera was not 
correlated to any parameter (Table 2.11).   Avicennia and Bruguiera were found in a wide range of 
conditions, from highly oxidised sediments to very reduced and from freshwater to saline 
conditions.  The density of Avicennia was not significantly correlated to any sediment 
characteristics but the density of Bruguiera was greater in areas with lower moisture content. The 
density of Rhizophora was significantly correlated to porewater temperature (Table 2.11).
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Table 2.9: Sediment characteristics for all sites (average ± SE) (Species - Avicennia marina-AM, Bruguiera gymnorrhiza-BG, Ceriops 
tagal-CT, Lumnitzera racemosa-LR, Rhizophora mucronata-RM).  
Estuary Site Species Moisture 
(%) 
Organic 
content (%) 
Redox 
potential (mV) 
pH Sediment EC 
(mS cm-1) 
Porewater 
salinity (PSU) 
Temp. (
o
C) Depth to 
Water table 
(cm) 
Kosi Bay 1 BG, AM & LR 21.5 + 0.4 13.2 + 4.7 191.8 + 10.4 6.5 + 0 37 + 1.5 34.7 + 0.1 25.6 + 0.2 45.0 + 3 
2 LR, BG & RM 24.3 + 0.8 14.9 + 6.0 213.0 + 8.9 7.0 + 0.3 35.1 + 0.7 26.7 + 4.5 25.2 + 0.2 50.0 + 0 
3 RM, BG & AM 29.0 + 3.2 4.7 + 0.4 193.0 + 4.6 6.5 + 0 36.3 + 1.0 33.9 + 0.5 25.6 + 0.1 33.3 + 3.3 
4 CT & BG 24.9 + 2.0 2.6 + 0.1 207.2 + 4.6 7.3 + 0.1 37.5 + 1.6 32.2 + 0.8 25.4 + 0.2 41.7 + 1.6 
5 AM & BG 21.9 + 0.5 2.0 + 0.3 187.9 + 17.2 6.9 + 0.1 36.4 + 1.1 33.9 + 0.1 26 + 0.2 20.0 + 0 
6 AM & BG 24.7 + 1.0 2.2 + 0.3 203.1 + 4.3 6.6 + 0.6 39.3 + 0.5 33.9 + 0.6 24.9 + 0.1 23.3 + 3.3 
AVERAGE 24.4 + 0.7 6.6 + 1.7 199.3 + 3.9 6.8 + 0.1 36.9 + 0.5 32.6 + 0.9 25.5 + 0.1 35.6 + 2.8 
St Lucia 1 AM 40.8 + 0. 10.5 + 0.3 245.3 + 6.8 6.8 + 0.2 22.0 + 1.6 31.9 + 0.6 22.0 + 0.1 21.7 + 1.6 
2 BG 33.7 + 3.4 6.4 + 1.5 320.2 + 6.8 5.6 + 0.4 15.7 + 1.6 27.2 + 1.3 22.0 + 0.1 31.7 + 1.6 
AVERAGE 37.2 + 2.2 8.5 + 1.1 282.8 + 17.1 6.2 + 0.3 18.9 + 1.7
 
 29.6 + 1.2 22.0 + 0.05 26.7 + 2.4 
Mhlathuze 
Estuary 
1 BG 15.5 + 0.3 0.9 + 0.0 198.4 + 7.1 7.1 + 0.1 25.3 + 2.6 13.2 + 2.0 21.5 + 0.2 14.7 + 0.3 
2 BG, RM &  AM 31.8 + 0.5 3.6 + 0.2 140.0 + 10.3 7.7 + 0.2 25.9 + 2.6 16.2 + 0.3 23.2 + 0 20.0 + 0 
3 AM  42.7 + 1.3 9.7 + 0.5 -65.6 + 15.0 6.6 + 0.0 33.2 + 2.7 38.5 + 0.9 23.2 + 0.1 10.0 + 0 
4 AM & BG 54.8 + 4.8 9.9 + 2.8 -134.4 + 10.4 7.3 + 0.2 37.3 + 1.6 38.1 + 2.2 25.5 + 3.2 10.0 + 0 
5 AM  69.3 + 0.3 26.7 + 0.6 -206.3 + 4.6 7.3 + 0.1 42.5 + 2.2 48.4 + 2.6 22.4 + 0.1 10.0 + 0 
AVERAGE 42.8 + 5.0 10.1 + 2.5 -13.6 + 42.1 7.2 + 0.1 32.8 + 2.0 30.9 + 3.7 23.2 + 0.6 12.9 + 1.1
  
 
Echwebeni 1 AM  70.2 + 2.3 30.0 + 0.9 -345 + 8.0 7.8 + 0.1 34.2 + 0.7 30.8 + 1.1 21.3 + 0.4 16.7 + 1.1 
2 BG 65.1 + 2.8 22.8 + 2.9 -398.2 + 14.5 8.0 + 0.1 18.8 + 1.1 19.6 + 31.9 20.1 + 0.2 2.0 + 0.0 
3 BG & RM 69.5 + 2.8  33.9 + 1.1 -384.3 + 10.0 8.2 + 0.2 12.7 + 1.6 5.2 + 0.3 20.9 + 0.1 1.0 + 0 
AVERAGE 68.3 + 1.9 28.9 + 2.3 -375.8 + 11.9 8.1 + 0.1
 
 21.9 + 4.0
 
 18.8 + 2.9 20.8 + 0.2 6.6 + 1.7
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Table 2.10: Kruskal-Wallis (Multiple Comparisons p values (2-tailed) test on significant differences (p<0.05), between estuaries and 
sites (referred to as S) within estuaries, for sediment and porewater characteristics (KB – Kosi Bay; STL – St Lucia; MHL – 
Mhlathuze; ECH - Echwebeni). 
 
Table 2.11: Spearman rank order correlations between sediment parameters and species density across all estuaries (significant 
correlations in bold). 
 
Avicennia marina  Bruguiera gymnorrhiza Rhizophora mucronata Ceriops tagal  Lumnitzera racemosa 
Moisture -0.06 -0.65 -0.36 -0.50 -0.27 
Porewater temperature 0.47 0.29 0.70 0.36 0.50 
Depth to water table -0.24 0.37 0.46 0.62 0.19 
 
Parameter Significant differences between 
estuaries 
Kosi Bay (N=18) St Lucia (N=6) Mhlathuze (N=15) Echwebeni (N=9) 
Moisture content KB<MHL/ECH - Site (S)1>S2 S5>S1 - 
Organic content ECH>KB/MHL - S1>S2 S5>S1 S2<S3 
Redox KB/SLT>MHL; ECH<KB/STL - S2>S1 S5>S1 - 
pH ECH> KB/ST/MHL  - S1>S2 S2>S3 S3<S1 
Sediment EC STL/ECH<MHL/KB - S1>S2 - S3<S1 
PW EC ECH<KB/STL/MHL - - S5>S1 S1>S3 
PW salinity ECH<KB/STL/MHL - - S5>S1 S1>S3 
PW temperature KB > STL/MHL/ECH - - - - 
Depth to water MHL/ECH<STL/KB - - - S3<S1 
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Discussion 
To ensure mangrove conservation, an understanding of the population structure and relationship 
with prevailing environmental characteristics is necessary. Most forests showed an inverse J 
shaped curve for the distribution of individuals in relation to height which implies that these forests 
were regenerating.   Kosi Bay is the only mangrove forest in SA where all six species of 
mangroves occur.  The aerial cover of the mangrove forest was 59 ha in 1982; this has stayed 
approximately the same (Ward and Steinke, 1982; Pillay pers comm, 2006).  The height of adult 
trees at Kosi Bay (Plate 2.4) were significantly shorter than at other forests, but the number of 
seedlings was high, showing continued regeneration except for Lumnitzera racemosa where there 
was more adults than seedlings in the areas sampled.  The height and basal area of this species 
was ~2 m and 4.7 m2 ha-1 respectively. The average height of Ceriops tagal was less than 2 m with 
a basal area of 2.3 m2 ha-1, which is similar to stands found at Gazi Bay, Kenya (height 2.1-3.8 m, 
BA 2.7-5.4 m2 ha-1) (Bosire et al. 2008).  Both these species have a wide distribution range from 
East Africa to Australia, but reach their south distributional limit at Kosi Bay. The lack of nutrients, 
particularly phosphorus, in the system may have resulted in shorter trees for the three species that 
occur further south (Lin and Sternberg, 2007).  
 
 
 
 
 
 
 
 
Plate 2.4:  Mangroves found at Kosi Bay, the most diverse mangrove forest in South Africa. 
Left – Fish traps made with mangrove branches, Right – havested material left to dry before 
assembly. Taken in April 2007. 
 Ward and Steinke (1982) measured the area of mangroves at the St Lucia Estuarine/Lake 
System to be 160 ha.  A more recent estimate of 571 ha is provided by Riddin (1999).  During our 
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study there were no Bruguiera seedlings or saplings in the area investigated at St Lucia.  Kirui et 
al. (2008) reported a significant salinity effect on the mortality of Bruguiera saplings.  Naidoo 
(1990) reported that optimal growth for this species occurs between 8-26 PSU, and also noted that 
higher salinities increased mortality of saplings and trees.  The average porewater salinity at St 
Lucia was 29 PSU, while sediment electrical conductivity was 18.9 mS cm-1.  Kirui et al. (2008) 
concluded that interaction between salinity and light may be the main factor limiting the survival of 
Bruguiera saplings (Plate 2.5). While the mangroves in the Narrows at St Lucia are not subjected 
to hypersaline conditions compared to the Lake areas (Taylor et al. 2006), there seems to be 
another factor hindering the establishment and survival of Bruguiera saplings such as herbivory.   
 
 
 
 
 
 
 
Plate 2.5: The absence of individuals less than 2 m in the stand of Avicennia marina (left) 
and dense stands of Bruguiera gymnorrhiza (right) found at St Lucia Estuary, where no 
seedlings were found Taken in April 2007. 
The mangroves at Echwebeni (Plate 2.6) are probably at greatest risk due to their location in the 
harbour but are very important to conserve as they may be the oldest stand of mangroves in the 
country, as shown by historical records and the high organic matter (Plate 6, Image 5). Naidoo and 
Cirkoot (2004) noted that Avicennia was dominant in this mangrove forest (tallest trees 6-8 m).  
Height of Avicennia trees decreased with increasing distance from the water‟s edge. Avicennia 
seedlings require high levels of light so seedlings are restricted to areas close to the edge of 
mangroves stands, this was found at all estuaries except St Lucia.  These areas are important to 
maintain as they serve as a nursery for Avicennia seedlings.  
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Plate 2.6:  Mangrove forest found at Echwebeni in the Richards Bay Harbour.  The high 
density of all species is visible in the first four images.  Taken in September 2008. 
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The erosion of banks due to ships entering and leaving the harbour is taking place at Echwebeni, 
the below-ground root structures of individuals along the channel are clearly visible (Plate 6, Image 
7).   
Three mangrove species were recorded at Mhlathuze Estuary; Avicennia, Bruguiera and 
Rhizophora (not recorded by Bedin 2001) (Plate 2.7).  Mangrove progression rates were measured 
by Bedin (2001) to be 20 to 55 ha year-1 from 1976 to 1982 and 5.4 ha year-1 from 1982 – 1995 
towards the mouth.  Mean DBH was lower than that found by Bedin (2001) across all sites during 
this study.  However the DBH and height of the trees measured in this study did increase with the 
age of the sites (2.38 m in youngest to 14.3 m in oldest stands).   
McKee and Faulkner (2000) compared the height, DBH and basal area of different species in 
different age forests in restored, natural and plantation sites.  Younger forests (3-6 years) had 
higher density (11 000- 41 100 ha-1), the mean DBH of older forests (>50 years) was between 
94.0-110.4 cm while the average stand height was between 7.4 – 22.7 m compared to younger 
sites (1.9-7.5 m). Accordingly the basal area of older sites was between 15.2-96.4 m2 ha-1 and 0.9-
20.6 m2 ha-1 in younger sites (<7 years old).  Basal areas in this study ranged from 2.7-21.8 m2 ha-
1.  The highest values for basal area were recorded at Mhlathuze in the oldest sites.  Bedin (2001) 
determined the ages for the different area of this mangrove forest.  The first two images of Plate7 
show the mouth regions of the estuary.  This was the only region in the Mhlathuze Estuary were 
Rhizophora trees where found.  The third and fourth images show the older parts of the forest as 
well as the presence of Bruguiera seedlings that may be colonising the older area of the mangrove 
forest. 
Sediment characteristics will affect the growth and population dynamics of mangroves and the 
exchange of organic materials with the near-shore environment (Ellison and Farnsworth, 1993; 
Kristensen et al. 2008). Sediment particle size has been correlated with redox, pH, organic matter 
content and nutrients as it affects the permeability of the substrate (Wilson et al. 2008).  One of the 
reasons mangrove forests are able to regenerate after disturbance is the ability of the forest to 
retain nutrients in the sediment (Alongi, 2009).  The forest sediment particle size of Kosi Bay is not 
conducive to storing nutrients due to the large pore size which assists with the movement of 
nutrients out of the system and therefore is vulnerable to disturbances as the ability to regenerate 
after a disturbance is dependant on the nutrient stored in the sediment.   
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Plate 2.7:  Mangroves forests of Mhlathuze Estuary.  In the older parts of the forest 
Bruguiera saplings were present (bottom right). Taken in May 2007. 
Taylor et al. (2006) noted that the main physical determinates for mangroves in St Lucia were tidal 
exchange, salinity, water level, inundation and temperature.  This study showed that the species; 
Avicennia, Bruguiera, Rhizophora were found in a range of salinity conditions from freshwater to 
saline but not above 52 PSU.  Taylor et al. (2006) noted that salinity in some parts of St Lucia may 
reach levels three times that of seawater, but due to the location of the mangroves (the Narrows); 
they are not exposed to that level of salinity stress.  Middelburg et al. (1996) noted that the highest 
sediment salinity where Avicennia, Bruguiera, Rhizophora and Ceriops tagal were recorded were 
68, 35.8, 33.1 and 60.1 PSU respectively.   Kirui et al. (2008) measured substrate salinities as high 
as 89 PSU for Avicennia, Bruguiera, and Ceriops tagal at Gazi Bay, Kenya.  Salinity has a marked 
effect on growth and the physiology of mangrove species; it has been found that Avicennia is more 
salt tolerant than most species (Ye et al. 2005).  Aziz and Khan (2001) reported Ceriops tagal 
seedlings to have maximum growth in 50% seawater and a decline in growth as salinity increased.  
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Their results suggested that Ceriops was as salt tolerant as Avicennia but was not able to tolerate 
sudden changes in salinity.   
Temperature ranges from 15 oC (minimum) to 25-30 oC (maximum) on average (37 years – 
WeatherSA) at St Lucia and Richards Bay.  Porewater temperatures in this study were always 
above 20 oC and were positively correlated with the density of Rhizophora while the opposite was 
true for Bruguiera.  Moisture content was highest in estuaries with high silt content; this was due to 
the higher surface area of finer fractions that retains moisture and nutrients in the sedimentary 
matrix (Prasad and Ramanathan 2008).  Kairo et al. (2008) found the moisture content of the 
sediment in reforested Rhizophora plantation (54.5%) to be significantly higher than non-reforested 
sites (8.2%) in Gazi Bay, Kenya.  Alongi et al. (1998) recorded increasing organic matter content in 
the sediment as the age of a mangrove plantation increased in Malaysia.  A similar trend was 
found by McKee and Faulkner (2000) in Florida, USA.  In young restored sites, organic matter 
content ranged between 10-12% while in natural stands it was 38-56%.  Higher organic matter 
content at Site 5 at Mhlathuze compared to Site 1 was consistent with this trend.  Bedin (2001) 
noted that Site 4 and 5 were older than the rest of the mangroves found closer to the mouth (Site 
1).  Echwebeni is probably the oldest study area in this study and had twice as much sediment 
organic matter content and the tallest trees of Bruguiera and Rhizophora.   
Matthijs et al. (1999) measured soil redox potential along an elevation gradient and found that it 
decreased from +200mV away from the creek to -400 mV at the creek.  In the same study 
Rhizophora was the only species that seemed to respond to changes in redox potential (and 
salinity), as it only occurred in areas where the redox was between -200mV and -400 mV.  McKee 
and Faulkner (2000) measured soil redox potential in restored and natural forests of different ages.  
The values ranged from +426 to -336mV, restored sites were always lower than natural sites.  This 
was due to greater flooding, less soil aeration and low soil porosity (McKee and Faulkner 2000).   
Although low soil redox potential may affect mangrove seedling growth and establishment, our 
study showed that the highest seedling density for all species occurred where the redox potential 
of the soil was reduced (-300mV).  The variability of the measurement of soil redox has been 
recorded by many authors and the values recorded here are within the range of published data.  
Middelburg et al. (1996) and Muhibbullah et al. (2007) measured the pH for Avicennia, Bruguiera, 
Rhizophora and Ceriops tagal in Gazi Bay, Kenya, and Lumnitzera racemosa in the Sundarbans.  
pH values measured in this study were similar with those reported (Table 2.12).   
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Table 2.12:  Comparisons of studies on sediment and porewater parameters for mangrove 
species found in the estuaries specified in this study as well as others reported in other 
parts of the world.  
 Avicennia marina Bruguiera 
gymnorrhiza 
Rhizophora 
mucronata 
Ceriops 
tagal 
Lumnitzera 
racemosa 
Sediment 
electrical 
conductivity 
(mS cm-1) 
18.9 - 46.1* 
 
10.2 - 46.0* 
 
2.5 – 7.5f 
 
10.2 - 39.7* 
 
20-50g 
34 - 39* 
 
2.5 – 7.5f 
 
34.2 - 39.7* 
 
Sediment 
salinity  
11.2-29.8* 
 
40-89 a 
 
5.7-29.8* 
 
40-89a 
5.7-25.3* 21.3-24.8* 
 
40-89a 
21.4-25.3* 
Porewater 
salinity 
(PSU) 
9.5 - 52.1* 
 
20.4-54.7i 
 
4.7 - 52.1* 
 
43-50h 
 
20.4-54.7i 
 
4.7 - 34.8* 
 
20.4-54.7i 
 
30.6 – 34* 
 
39-49e 
 
43-50h 
 
20.4-54.7i 
18.1 - 35* 
 
Sediment 
Redox 
potential 
(mV) 
-360.5 to +307.4* 
 
+199.4 to 
+223.3a 
 
-214 to +153i  
 
-405 to -130j 
 
-427  to +322.7* 
 
-21.2.3 to 
+75.2c 
  
-214 to +153i  
 
-211 to +67j 
 
-401 to 
+215.1* 
 
– 71.1 to 
+20.5c 
 
-50 to +125g  
 
-214 to +153i  
 
-400 to -144j 
 
+199 to 
+215.0* 
 
+181.0a 
 
-214 to 
+153i  
 
-414 to +67j 
 
+194.4 to 
+224.2*  
 
pH of the 
sediment 
7.02 -7.6* 
 
6.2-8.1b 
 
5.1-7.3i 
 
6.33-7.44j 
5.5 - 7.6* 
 
4.6-7.6b 
 
5.1-7.3i 
 
6.66-6.74j 
6.4 - 8.3* 
 
5.4-7.1b 
 
5.1-7.3i 
 
6.34-7.44j 
5.5 - 8.3* 
 
3.5-7.09b 
 
5.1-7.3i 
 
5.82-7.00j 
5.5-7.9* 
 
6.3-6.5d 
 
5.1-7.3i 
 
*= Present study values, a = Kirui et al. (2008), b = Middelburg et al. (1996), c = Gleason et al. 
(2003), d= Muhibbullah et al. (2007), e = Bosire et al. (2008), f = Clarke and Kerrigan (2000), g = 
Rajkaran and Adams (2010-Chapter 2), h = Alongi and Carvalho (2008), i=Ashton and Macintosh 
(2002), j= Matthijs et al. (1999) 
 
Ceriops tagal and Lumnitzera racemosa occur under a narrow range of conditions at Kosi Bay, but 
other studies have shown that these species occur in wider ranges (Clarke and Kerrigan, 2000; 
Ashton and Macintosh, 2002; Muhibbullah et al. 2007; Alongi and Carvalho, 2008; Bosire et al. 
2008). The density of Bruguiera was negatively correlated to moisture content of the sediment. 
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Enoki et al. (2009) reported a relationship between distance from the river channel with basal area, 
maximum tree height and density, which increased with distance from the channel.     
Conclusion 
Past disturbances have occurred at Kosi Bay and St Lucia directly affecting the mangroves.  The 
population structure data indicate that regeneration is taking place; however there are signs of 
harvesting of trees for fish traps in Kosi Bay.  This requires long term monitoring, especially for 
Lumnitzera racemosa.  Blasco et al. (1996) noted that Bruguiera and Rhizophora were susceptible 
to hydrological, salinity, soil and tidal regime changes.  The present lack of seedlings and saplings 
for Bruguiera at St Lucia should be investigated further. The physical characteristics measured 
during this study at St Lucia are well within the limits of the species.  However, the seasonal and 
temporal variations in physical characteristics were not investigated in this study and may provide 
some answers.  At Echwebeni, silt was the dominant sediment particle size; but there were some 
signs of sand deposition in some parts of the mangrove regions adjacent to the channel, as well as 
erosion in other parts.  Mangrove monitoring is paramount here to ensure the integrity of one of the 
oldest mangrove stands in South Africa.  Branch harvesting has been recorded at Mhlathuze and 
the effect of this on the mangrove population has not been investigated.  Management plans in this 
estuary should take harvesting into consideration for long term monitoring. 
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Chapter 3: Effect of harvesting on the population structure and 
sediment characteristics of the mangroves at Mngazana 
Estuary - Eastern Cape, South Africa 
Introduction 
Mangrove forests are found along coastlines in tropical and sub tropical regions.  In Africa 
mangroves reach their southern limit in South Africa.  South Africa has 0.05% of Africa‟s total 
mangrove area, an almost negligible amount (FAO, 2003) but this rare type of forest in South 
Africa contributes to the rich biodiversity of the country. In 1982 the total mangrove cover in South 
Africa was estimated at 1043 ha (Ward and Steinke, 1982), more recently this cover has increased 
to 1660.7 ha (Pillay pers comms, 2006; Adams et al. 2004).  Patches of mangrove forests stretch 
from Kosi Bay (KwaZulu-Natal) in the north to Nahoon Estuary (Eastern Cape) in the south.  
Mhlathuze (652.1 ha of mangrove forest) and St Lucia (571.0 ha) estuaries (Pillay pers comms, 
2006) in KwaZulu-Natal have the largest forests.  Mngazana Estuary had the third largest forest 
with 150 ha (Ward and Steinke, 1982), more recently Rajkaran et al. (2004) classified 43% of the 
mangroves as intensely harvested (adult to stump ratio of 1:2).  Mangrove forests in South Africa 
are protected under the National Forestry Act 1998 and four of the six mangrove species are listed 
as protected tree species (DWAF, 2008).   
De Wet et al. (2005) valued the Mngazana mangrove forest at between 110 000 and 136 000 
USD.  The three local communities surrounding Mngazana Estuary utilise the forest for wood 
products. The local communities are divided into three villages around the estuary namely the 
Mqaleni, Cwebeni and Tekwini.  Educational opportunities are limited in the area; 29% of the 
population have received no schooling and 51% received some years of primary school.  A large 
portion of the labour force is made up of 15-65 year olds (38%) but they have no fixed income.  
Only 8% are formally employed (Traynor and Hill, 2008).  Traditional dwellings, which are huts or 
structures constructed from natural material, are the main type of housing structure used by 94% 
of the population (Traynor and Hill, 2008).   In a survey, by De Wet et al. (2005) 93% of the 
participants in the survey identified that the primary use for mangrove wood was to build houses or 
„rondawels‟ (circular wood and mud huts).  Traynor and Hill (2008) recorded that the preferred 
species for building was Rhizophora (41% of participants preferred this species) and Bruguiera 
(21%) while Avicennia was used for firewood.  Only 7% of participants used the wood for fencing 
and 3% for firewood and this was restricted to cases where mangrove wood was left over after the 
construction of „rondawels‟.  Participants stated that the durability of a rondawel made out of 
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mangroves was on average about 20 years (minimum 7 years, maximum 100 years) (Traynor and 
Hill, 2008).  
 Worldwide, mangrove forests are harvested for a variety of purposes.  The wood products are 
particularly important to subsistence economies, providing firewood, building supplies and other 
wood products (Bandaranyake, 1998; Ewel et al. 1998; Cole et al. 1999; Kairo et al. 2002; 
Dahdouh-Guebas et al. 2004, Walters et al. 2008).  The subsequent effects on the ecosystem 
ranges from loss of habitat for fauna such as arboreal crabs (Emmerson and Ndenze, 2007), 
decreases in organic carbon export to the food webs and nearshore environments (Rajkaran and 
Adams, 2007), coastal erosion (Thampanya et al. 2006) and in the long term, loss of nursery 
functions (Laegdsgaard and Johnson, 2001).  
Harvesting has led to floristic changes or to the total loss of some mangrove areas (Benfield et al. 
2005; Dahdouh-Guebas et al. 2005; Jupiter et al. 2007; Thu and Populus, 2007). Walters (2005) 
and Alongi and de Carvalho (2008) studied the effect of small scale logging on stand and sediment 
characteristics.  Alongi and de Carvalho (2008) studied three high salinity forests in Timore Leste – 
South East Asia and recorded significant decreases in stem density (46-60% loss) and significant 
increases in interstitial salinity (43 to 53 PSU) due to sediment desiccation. Granek and 
Ruttenberg (2008) recorded a significantly increased proportion of higher water temperature 
(>30.5oC) events in cleared compared to intact mangrove areas and significantly higher organic 
content in intact mangrove regions (~30%) compared to cleared areas (~20%) in Almirante Bay, 
Bocas del Toro Province, Panama.  Walters (2005), in a number of sites around the Philippines, 
found that while the density was not significantly different between cut and uncut mangrove 
forests, the average DBH was significantly lower in cut forests (8.2 cm in uncut and 5.1 cm in cut 
forests). This was attributed to selective harvesting. In the same study, seedling density was not 
significantly different between sites. 
The objectives of this study were to determine (1) the change in aerial cover of the total mangrove 
forest (1961-present), (2) the effect of harvesting on sediment and porewater parameters that may 
be important to the future health and re-colonisation of the mangroves and (3) the population 
structure of the preferred species Rhizophora in harvested and non-harvested sites.  It is important 
to achieve these objectives for the future management of the mangroves at the Mngazana 
Estuary; changes in aerial cover will determine if the harvesting has decreased the forest size of 
the whole forest or if harvesting rates are equal to re-colonisation rates. Measuring the physical 
parameters will provide an indication of how the harvesting and clearing of mangroves changes 
the sediment and porewater conditions, which in turn determine the presence and absence of 
other biota.  
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The population structure will provide information regarding harvesting preferences (presence and 
absence of size classes), presence of seedlings, which implies regeneration of the population, 
while the presence of all size classes shows a healthy population. This is the first study reported in 
South Africa to address the effect of harvesting on mangrove population structure (Plate 3.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 3.1:  Evidence of harvesting at Mngazana Estuary. Arrows indicate stumps as 
evidence of harvesting at the channel edge of the forest.  
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Study site  
The mangrove forest in the Mngazana Estuary is one of the southernmost in the world and 
Macnae (1963) reported that they extend to the level of the average high neap tide.  At that time 
Avicennia was the pioneer on the seaward edge as well as on the landward edge and between the 
two stretches of Avicennia there was a thicket of Bruguiera.  Macnae (1963) reported that 
Rhizophora was common on the edges of channels, but he noted that this species was only 
present as saplings - no adult trees were encountered. The author did not define or state the 
height of the saplings.  
Estuary biodiversity importance ratings are used to prioritise and guide decision making with 
regard to estuary conservation and management.  The Mngazana Estuary (Figure 3.1) was ranked 
22nd out of 250 estuaries in South Africa in 2002 (Turpie et al. 2002), but recently updated to 
number 16 (Turpie and Clark 2009). It has the largest stand of Rhizophora mucronata in the 
country and since there are only 11 estuaries where the species is found, this feature enhances its 
botanical importance and overall conservation importance.   
Materials and methods 
Mangrove area cover 
The estuary was mapped using orthophoto maps and aerial photographs to establish the past and 
present distribution of mangroves. The areas covered were also examined on the ground to 
validate the photographic data. The distribution of the mangrove species were identified at the 
same time (Avicennia, Bruguiera and Rhizophora). The oldest aerial photograph (1961) was in 
black and white (scale - 1:50 000) while the most recent was a digital colour image taken in 2002 
(scale - 1:50 000). A 1995 colour aerial photograph was also used.  The photographs were 
obtained from the Department of Surveying and Mapping (Mowbray, Cape Town), while the digital 
image was obtained from the Department of Environmental Affairs and Tourism (Marine and 
Coastal Management, Cape Town).  The aerial photographs (1961 and 1995) were scanned with a 
desktop scanner (H.P 4 C). Using Arc GIS software the digitised image was geo-referenced using 
Arc Info and over-layed on the scanned images of 1961 and 1995. Corresponding areas were then 
compared. Fixed structures, around the mangrove forest, that were present in both the digitized 
maps and scanned pictures were used as identification sources for the geographic coordinates, 
which were used to rectify the scanned aerial photos.  
 55 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1:  The location of the Mngazana Estuary in South African and the sites 
investigated for population structure (sites 1-5 harvested, 6-9 non-harvested).  R1-R3 
indicate sites where mangroves have been clear-felled. 
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On screen digitising was then carried out and then the „query builder‟ in Arc GIS was used to 
calculate the area change over the period 1961 to 2002.  The mangrove species distribution map 
was derived using the 1995 aerial photo as a baseline map and data from line transects, 
perpendicular to the channel, were used to map the distribution of the different species. 
Population structures in harvested and non-harvested sites 
Sites within the estuary were investigated where Rhizophora was the dominant species (Figure 1).  
Sites 1-5 are sites not previously harvested while sites 6-9 were previously harvested.  Harvested 
sites were indicated by the presence of cut tree stumps (these were identified by the jagged edges 
left by the harvesting tool) and were identified from the water channel by either the presence of 
human pathways into the mangroves or stumps on the fringe.  At each site, three replicate 
quadrats of 25 m2 were sampled.  Quadrats were chosen to represent a sample of the whole 
population structure (presence of all size classes) of the site so as to compare population 
differences between harvested and non-harvested sites. The number of juveniles (individuals < 1m 
tall) and adults, their height and the circumference at breast height (CBH measured at 1.3 m above 
the ground) for each adult was recorded. CBH was then converted to DBH and basal area. The 
locations of bundles of harvested wood were noted as were the number of poles in each bundle 
and their DBH (diameter at 1.3 m).  The number of poles in each bundle was recorded to provide 
an estimate of how many trees (size/diameter) were removed during a harvesting session.  DBH 
and the length of the poles were then compared to the DBH and height of the trees in non-
harvested sites.  
Porewater and sediment characteristics in existing vs. clear-felled sites  
Sites 2 and 8 represent existing sites (Site 2 – non-harvested, Site 8 – harvested). Clear – felled 
sites are areas where mangroves have been completely removed. Characteristics of these sites 
were compared to Sites 2 and 8 (Figure 1). In situ measurements of porewater were taken for 
electrical conductivity, salinity, temperature and redox potential in each of the quadrats at each 
site. These parameters may altered depending on the presence or absence of a canopy (Granek 
and Ruttenberg, 2008) and the degree of change will further influence whether mangroves are 
present and which species will be present in the future (Jones et al. 2004). Kathiresan and 
Bingham (2001) noted that shading, soil fertility and flooding are major determinants of seedling 
establishment; while planting depth, soil type, salinity, pH and light intensity further influences post 
– establishment growth. By comparing non-harvested, harvested and clear-felled regions one is 
able to determine acceptable levels of change where regeneration is most likely to occur.  High 
temperature and salinity may favour a species with a wide tolerance for these parameters.  
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Avicennia has a tolerance range of 0-35 PSU, but has been found in areas where the salinity 
reaches 58 PSU (Naidoo 2009) while sites with Rhizophora do not vary much from that of 
seawater (~35 PSU) (Adams et al. 2004a).   
Electrical conductivity, salinity and temperature were measured using a hand held YSI 30M/10 FT 
conductivity meter. Redox potential readings were taken with a Metrohm redox probe attached to a 
Beckman  310 series EDTA pH meter. Sediment samples were collected and taken to the 
laboratory for analysis. For each sediment sample, percentage moisture, organic content and 
electrical conductivity were determined using methods according to Gee et al. (1986).  Analysis of 
variance in the statistics package Statistica 6.0 was used to compare juvenile height, adult height, 
population size, DBH and physical characteristics between harvested and non-harvested sites.   
Results 
Mangrove area cover 
The present mangrove cover at the Mngazana Estuary is 118 ha, this represents a loss of 32 ha 
since 1982 (Figure 3.2).  Approximately 43 % of the total mangrove area was Avicennia, 39 % 
Rhizophora while Bruguiera occupied 18 %.  
 
 
 
 
 
 
 
 
Figure 3.2:  Changes in mangrove area at Mngazana Estuary over time (1982 – Ward and 
Steinke 1982, Dayimani 2003 (mapped and ground thruth in 2001). 
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Population structure 
Table 3.1 summarises the population characteristics of harvested and non-harvested sites.  The 
number of adults and juveniles was similar for both harvested and non-harvested sites (adult: F= 
2.18, p >0.05 and juveniles: F=0.02, p>0.05).  Adult trees in harvested sites were significantly taller 
than in non-harvested sites (F= 4.506, p<0.05).  The ratio of adults to seedlings shows that the 
ratio was higher in harvested sites compared to non-harvested sites.  DBH was not significantly 
different between sites (Mann-Whitney U = 8.00, p>0.05). Basal areas, as derived from DBH, were 
also not significantly different between harvested and non-harvested sites (Mann-Whitney U = 
10.00, p>0.05).  The data in Figure 3.3 show a comparison between the heights of seedling and 
juvenile trees in harvested and non-harvested sites, all size classes were present in the 
populations of Rhizophora. 
The dominant DBH height size class was 0-5 cm in both harvested and non-harvested sites for 
adults (Figure 3.4-A).  Figure 3.4-B shows the comparison of adult trees with regard to height.  The 
most obvious dissimilarity is the few trees in the greater than 3.3-4.3 m size class in harvested 
sites.  The small number of trees in this size class in harvested sites can be related to the length of 
harvested poles.  The average length for all the poles was 3.4 + 0.47 m (n=632).  The average 
length of the harvested poles was 3.4 + 0.1 m.  This demonstrates that the harvesters are 
selecting adult trees that are greater than 2.5 m in height.  The average DBH size was 3.1 + 0.07 
cm, 89 % of harvested poles had a DBH < 5 indicating that this is the most prized size class. 
Porewater and sediment characteristics  
The depth to the water table was significantly deeper  (60.3 + 7 cm) at the clear-felled site where 
mangroves have been removed compared to Sites 2 (non-harvested) and 8 (harvested), where the 
average depth to water was 33.3 + 3 cm (F=18.29, p<0.05). The sediment was significantly drier at 
the harvested site compared to the non-harvested sites (F=198.34, p<0.05).  Sediment particle 
size was similar at all sites.  Salinity, temperature (Figure 3.5), electrical conductivity, and redox 
potential were not significantly different between the sites (Figure 5 and 6).  Sites 2 (non-
harvested) and 8 (harvested) had a significantly higher organic content (~10%) in the sediment 
than the clear-felled site (~ 2%) (F=26.35, p<0.005).  Redox potential of the sediment was similar 
at all sites (F=4.78, p>0.005) and ranged from +209.7 mV (clear-felled site) to -111.06 mV (Site 8).  
Electrical conductivity of the sediment was higher in November compared to January in all sites 
(F=33.28, p<0.05) (Figure 3.6). 
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Table 3.1: Summary of population characteristics for four harvested and five non-harvested 
sites of 25 m2 quadrats (n = 3; average ± SE). Statistical significance denoted by * when p < 
0.05.  
Status Non-Harvested Harvested 
Number of adults 39.2 + 8.4 23.5 + 5.4 
Number of juveniles 135.4 + 30.8 130.2 + 13.8 
Ratio of adults: juveniles 1:3.4 1:5.5 
Height of juveniles (cm) 57.8 + 0.60 (n=912) 56.8 + 0.02 (n=1007) 
Height of adults (m) 3.1 + 0.05 (n=439) 3.31 + 0.10 (n=275)* 
DBH (cm) 3.9 + 0.4 4.2 + 0.4 
Basal Area (m2. ha-1) 58.9 + 11.8 64.5 + 20.9 
 
 
Figure 3.3: Size class distribution of the heights (cm) of Rhizophora mucronata seedlings 
and juveniles in four harvested and five non harvested sites (bars = SE). 
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Figure 3.4:  (A) Diameter at breast height (cm) (DBH) and (B) Height (m) size class 
distribution of Rhizophora mucronata trees for harvested and non-harvested sites (bars = 
SE).  Preferred size classes are encircled. 
 
B 
A 
B 
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Figure 3.5:  In situ measurements of porewater characteristics in Site 2 (non-harvested) and 
Site 8 (harvested) compared to the clear-felled site where mangroves have been removed 
(November 2004 - open bars, January 2005 - closed bars).  
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Figure 3.6:  Measurements of sediment characteristics in Site 2 (non-harvested) and Site 8 
(harvested) compared to the clear-felled site where mangroves have been removed 
(November 2004 - open bars, January 2005 - closed bars). 
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Discussion 
The objective of this study was to determine how harvesting has changed the mangrove area, 
population structure of mangroves and whether this has had a resultant effect on the sediment 
characteristics. The mangrove cover at Mngazana Estuary in 1961 was 150 ha and there has been 
a loss of 32 ha of mangrove since then, most likely due to harvesting (current area 118 ha).  This 
equates to a loss of approximately one hectare a year. Patches of bare ground now characterize 
the lost mangrove areas.  A decrease in mangrove cover was observed on the southern bank in 
the lower reaches close to the houses and at the northern bank behind Creek 1 (Plate 3.2).  These 
areas are targeted because of easy access and proximity to the houses.  Six to eight people were 
harvesting near Site 7 on the southern bank of the estuary during the January 2002 survey.  A 
decrease in the area of mangrove cover may not represent a loss in ecological quality which in this 
study was assessed using quadrats to determine the changes in population structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 3.2:  Areas of bareground around Creek 1 and Creek 2 (2002 aerial photo).  
Gaps created during the harvesting of either individual or groups of trees provide opportunities for 
seedling recruitment and growth (Rabinowitz 1978; Ewel et al. 1998; Sherman et al. 2000).  
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Harvesting has decreased the number of the mangrove trees but has also resulted in recruitment 
of seedlings in the Mngazana Estuary where the ratio of adults to juveniles was higher at the 
harvested sites (Table 3.1). The number of adult trees was not significantly different in harvested 
and non-harvested sites in this study as was found by Walters (2005) when investigating the small 
scale harvesting of fringe mangrove forests in the Philippines.  This may be related to the past 
history of the different sites at the Mngazana mangrove forest, in that some may have been 
previously harvested and subsequently recruitment has taken place.  The large variation in the 
number of individuals per quadrat would have also influenced the statistical analysis. The size 
class structure of mangrove forests in localities that experience harvesting show under-
representation in large size classes, which is the result of selective harvesting (Saifullah et al. 
1994; Walters 2005).  Because mangrove wood is used for building, the size of the mangrove 
poles determines the role they play in the built structure. Larger diameter poles (5-7 cm) are 
predominantly used for vertical and rafter supports with the thinner poles (2-3 cm) limited to 
horizontal supports (Traynor and Hill, 2008).  This was supported by the observed population 
structure of the mangroves.  The size classes most harvested were those with a diameter of 0-5 
cm and 6-10 cm and both these size classes were found in the live population but the numbers 
found in the harvested sites were significantly lower than in non-harvested sites (Figure 4a).  
Walters (2005) recorded a higher density of stems in smaller DBH size classes in harvested sites 
in the Philippines, even though the harvesters were seeking small diameter trees for fish traps and 
cooking fuel, implying regeneration once cutting had occurred and showing the presence of 
different cohorts for each species.   
A comparison of height classes of the non-harvested and harvested sites in the Mngazana Estuary 
showed that the height class 2.3 – 3.3 m was dominant in non-harvested sites (3.1 + 0.05, n=439) 
while in harvested sites smaller trees were ominant (3.31 + 0.10, n=275).  All the harvested poles 
were longer than 2.5 m and fell into the size classes mentioned above. Traynor and Hill (2008) 
interviewed harvesters with regard to harvesting preferences; they stated that any tree greater 
than 2 m in height with a desired DBH would be harvested.  They also stated that the wall poles 
were on average 3 m while roof poles were usually 4 m.  This explains the differences in 
population structure between harvested and non-harvested sites.  
There were significant differences in some sediment characteristics in the harvested sites 
compared to vegetated sites.  Lower organic content in the harvested sites was attributed to a 
lower moisture content, which hampers decomposition. Bosire et al. (2003) found similar results in 
Gazi Bay, Kenya, where organic matter was 10 times higher in vegetated Avicennia and 
Rhizophora stands compared to bare areas.  These and other changes in the mangrove forest 
would influence the faunal communities. The crab populations would be negatively affected as the 
food source; habitat and protection of the mangroves disappear. The mangrove associated tree 
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climbing crab (Parasesarma leptosoma) is associated with Rhizophora and Bruguiera trees at 
Mngazana Estuary (Emmerson, et al. 2003). Emmerson and McGwynne, (1992) noted that crabs 
consume 43% of the mangrove leaves on the forest floor.  Loss of crab species, especially those 
that burrow in the sediment, would in turn change the sediment environment as crab burrows 
influence nutrient exchange, aeration and drainage (Kathiresan and Bingham, 2001). Walters 
(2005) measured salinity in harvested and non-harvested plots in the Philippines and also found 
no significant differences between sites. The hydrological regime of the area and soil moisture 
influence mangrove establishment and therefore a recommendation is to limit harvesting in the 
margins of mangroves close to terrestrial vegetation. These areas are generally only inundated 
with channel water during spring tides.  The variability of the population structure of the mangrove 
forests at the Mngazana Estuary would suggest that harvesting cannot be restricted to a particular 
area.  It is important to encourage this as a system of clear felling would alter the physical 
environment and reduce the capacity of the mangroves to re-colonise these areas.   
If mangrove harvesting intensifies in the Mngazana Estuary and larger gaps are created or 
become cleared areas, two possible scenarios may follow.  Firstly the dominant species along 
Creek 2 could change from Rhizophora to Avicennia as Rhizophora is the preferred species for 
harvesting due to the long straight stems (Lewis and Msimang, 2004). Avicennia is considered to 
be a pioneer species (Macnae 1963; Panapitukkul et al. 1998). An alternative is that the area could 
become bare as environmental conditions change (Bosire et al. 2003).   
Natural mangrove recolonisation occurs when there are adequate numbers of propagules of the 
pioneer species. It can therefore be aided by management procedures that enhance and promote 
natural recolonisation (Panapitukkul et al. 1998).  In large mangrove forests like the Matang 
Mangrove forest in Peninsular Malaysia, 5 000-10 000 seedlings ha-1 are recommended for 
adequate regeneration potential for a cleared area (Ashton and Macintosh, 2002).  At harvested 
sites at Mngazana Estuary the density of seedlings is 50 000 individuals ha-1 showing that natural 
regeneration is possible. However the rate of transition of the seedlings to saplings is unknown 
and this will give a better indication of regeneration rates.  
At present there is no management strategy for the Mngazana mangroves; neither the community 
nor local authorities control harvesting.  The recent establishment of two Trusts in the area, as well 
as the Mangrove Management Forum, are therefore significant developments in the establishment 
of institutions that could play an important role in resource management (Lewis and Msimang, 
2004). Community members have identified a number of potential management strategies, 
including the introduction of some limits to harvesting and the control of these limits through 
patrols. Actions that may ensure sustainable management of the Mngazana mangroves include; 
zonation of areas for specific protection, restricted access and open access based on present 
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harvesting intensities, establishing economic enterprises that will reduce the pressure on the 
mangroves for economic gain (e.g. cement block making) and developing community awareness 
on how to conserve the mangroves and the impacts of harvesting on both flora and fauna (Lewis 
and Msimang 2004).  The creation of tourism ventures using the mangroves in a non-destructive 
manner could generate revenue (entry fees) into the three communities around the Mngazana 
Estuary. Such tourism ventures have had mixed successes but in some cases have been very 
profitable (e.g. Kampong Kuantan, Peninsular Malaysia) (Macintosh and Ashton, 2004).  
At present the Mngazi River Bungalows and Spa Resort, approximately 5 km north of the 
Mngazana Estuary, offer a guided walk to the mangroves and a canoe trip on Creek 1 alongside 
the mangroves.  However, details regarding the economic benefits for the local communities 
around Mngazana are not known but it would certainly not be great enough to promote mangrove 
preservation.  The Mngazana Mangrove Management Forum will likely go a long way to ensure 
the sustainable utilisation of mangroves at this estuary but implementation and formulation of 
sustainable yields must be established and shared with the community at large.  Determining 
sustainable yields from growth rate data of the mangroves for each size class is necessary for 
effective management of the forests. The harvesting of mangroves at Mngazana Estuary is 
changing the size of the forest and the population structure by decreasing the number of trees but 
it is also encouraging natural regeneration of seedlings in harvested areas.  Future studies must 
determine the rate at which these seedlings grow and the conditions that are best suited for 
optimum growth.   
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Chapter 4: The physical environment, growth rates and 
population dynamics of mangroves at Mngazana Estuary.  
Introduction 
In 2003, the global estimate of mangrove forest cover was 14 650 000 ha, with each hectare 
valued between 200 000 – 900 000 USD (Wilkie and Fortuna 2003). While authors have indicated 
that mangroves are resilient to most natural disturbances (Alongi, 2009), human disturbances has 
resulted in more than 50% of the world‟s mangrove forests being destroyed (Alongi, 2002).  This 
huge loss has been attributed to urban development, aquaculture, mining along coastal zones and 
overexploitation of fauna and flora of mangrove forests (Alongi, 2002; Walters, 2005; Walter et al. 
2008; Kairo et al. 2008; Alongi, 2009).  Many coastal communities rely on mangrove forests for 
fish, crustaceans and shellfish; however it is the harvesting and clear-felling of trees for timber and 
land conversion that causes the greatest changes in mangrove forests (Spalding et al. 2010; 
Rajkaran and Adams, 2010; Rajkaran et al. 2009; Granek and Ruttenberg 2008; Alongi, 2002). 
The changes to the sediment environment particularly; sediment salinity, porewater temperature, 
moisture and organic matter as well as population structure changes as a result of harvesting have 
been documented by other authors (Bosire et al. 2003; Granek and Ruttenberg, 2008; Walters, 
2005; Alongi and de Carvalho, 2008).    
As unregulated harvesting continues it is important to determine the rate at which the seedlings 
and subsequent regeneration classes grow and to determine the suite of conditions that are best 
suited for growth.  Regeneration classes are based on height and can be used to determine the 
regeneration potential of a site as well as monitor the growth, mortality and survival of younger 
classes from one stage to the next (Bosire et al.2006).  Regeneration classes are divided into RC1 
(<50 cm), RC2 (50.5-150 cm), RC3 (>150 but diameter < 2.5 cm). Bosire et al. (2006) compared 
natural stands with 8 year old re-forested stands of Rhizophora, Ceriops tagal, Xylocarpus 
granatum and Bruguiera in Gazi Bay, Kenya.  Density was greater for RC1 (4500 individuals ha-1) 
in natural stands compared to 1570 individuals ha-1 in re-forested stands.  Hydrodynamics, 
desiccation and predation were the predictors used to explain this difference since the reforested 
area had a large supply of propagules. 
The mortality rate of individuals in RC1 (< 50 cm) is expected to be high due to the susceptibility of 
the newly established seedlings to high salinity and temperature which may lead to physical and 
physiological desiccation as well as herbivory by insects and crabs (Bosire et al. 2006; Krauss et 
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al. 2008). The number of seedlings and saplings gives an indication of whether natural 
regeneration is taking place (Ashton and Macintosh, 2002).  In large mangrove forests like the 
Matang Mangrove forest in Peninsular Malaysia, 5 000-10 000 seedlings ha-1 are recommended 
for adequate regeneration potential for a cleared area (Ashton and Macintosh, 2002).  At 
harvested sites at Mngazana Estuary the density of Rhizophora seedlings was 50 000 individuals 
ha-1 showing that natural regeneration is possible (Rajkaran and Adams, 2010-Chapter 2). 
However the rate of transition of the seedlings to saplings is unknown and this will give a better 
indication of regeneration rates.  Mohamed et al. (2009) recorded low successive recruitment from 
RC1 into RC2 for Avicennia individuals by comparing the density of each size class in the 
mangrove areas around Tudor Creek in Mombasa, Kenya.  Low recruitment of individuals was 
recorded for Bruguiera with low successive recruitment into taller size classes.  Equal density of 
Rhizophora was found for these two size classes (Mohamed et al. 2009). 
Regeneration in forests with harvesting may be low due to excessive logging of seed-bearing trees 
as well as harvesting in areas where adult trees play a protective role for smaller individuals 
behind them i.e. near channels – where root structures slow and dissipate wave energy.  Damage 
to surrounding areas caused by harvesters trampling and trimming harvested stems can also 
affect regeneration (FAO, 1994).  The objectives of this study were to determine 1) variations in 
environmental variables (climatic, sediment and porewater) between sites at Mngazana Estuary 2) 
changes in mangrove population structure, 3) mortality rates of the three species, 4) growth rates 
of the three species and the feasibility of harvesting of mangroves at the Mngazana mangrove 
forest. 
Study Site  
Mngazana River (Figure 4.1) flows through 275 km2 of catchment for 150 km before discharging to 
the Indian Ocean (31o42‟S, 29o25‟ E).  The estuary is approximately 5.3 km in length and is 
permanently open.  There are two creeks, which support the main populations of mangroves.  
Rain, in this region, occurs throughout the year at the coast but more particularly during summer 
(November-January).  The weather data were obtained from Weather SA and were collected at 
Port St Johns (10 km north of Mngazana – Figure 4.2), the closest weather station to the estuary, 
for a period from 1920-2009.  Minimum temperatures range from 10.5 to 22.4 oC and maximum 
temperatures between 18.7 to 28.2 oC.  Mngazana Estuary has received more summer (average - 
115.6 + 3.4 mm) than winter rainfall (average: 46.6 + 3.1 mm) and the average monthly rainfall 
was 87.8 + 2 mm month-1.  The number of sites set out at the Mngazana mangrove forest for long 
term monitoring was nine.  These sites were located in different parts of the estuary and 
represented all three species (Plates 4.1-4.3)   
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Figure 4.1:  The location of Mngazana Estuary in the Eastern Cape of the Republic of South 
Africa and the location of Sites 1-9 where growth was monitored from 2005-2009.
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Figure 4.2:  Climate data collected monthly at Cape Hermes (14 km north of Mngazana 
Estuary) for average a) Rainfall (bars show SE) from 1920 to 2009 and b) minimum and 
maximum temperatures (SE not visible) from 1959 to 2009. 
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Plate 4.1:  Pictures of Sites 1 (A), 2 (B) and 3 (C) at Mngazana Estuary. Taken in April 2005. 
A 
B 
C 
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Plate 4.2: Pictures of Sites 4 (A), 5 (B) and 6 (C) at Mngazana Estuary. Taken in April 2005. 
A 
B 
C 
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Plate 4.3: Pictures of Sites 7 (A), 8 (B) and 9 (C) at Mngazana Estuary. Taken in June 2005. 
A 
B 
C 
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Materials and Methods  
Environmental factors 
Study sites at Mngazana Estuary were identified in March and June 2005 (Table 4.1).  At each site 
two quadrats of 16 m2 each were pegged out.  Each individual in each quadrat was tagged and 
given a number for future measurements. The sediment characteristics were measured in 
November 2006, June 2007 and November 2007 on two spring and one neap tide.  Six replicate 
holes were augered for sediment analysis in each site.  Sediment was collected at two depths; 
surface and 50 cm.  All sediment was collected at low tide; sediment redox potential (mV) and pH 
were measured in the laboratory within 12 hours of collection.  Sediment redox potential was 
measured using a Metrohm (6.0451.100) oxidation-reduction potential platinum electrode attached 
to a pH/redox meter (EDT Instruments, RE 357 Microprocessor, series 3) (The non-affiliated soil 
analyses working committee 1990).  pH was measured  using a pH probe glass electrode (Mettler 
Toledo InLab 407)  attached to a EDT Instruments, RE 357 Microprocessor, series 3 pH meter, 
calibrated at pH 4.0 and 7.0 (Black, 1965).  Other parameters measured in the laboratory were 
moisture content (Black, 1965), organic matter (Briggs, 1977), particle size (Day, 1965; Gee and 
Bauder, 1986) and electrical conductivity (EC) (Ferreira et al. 2007). In situ porewater electrical 
conductivity, salinity and temperature were measured in each augured hole using a YSI 63 
(Handheld salinity, conductivity and temperature meter).  Light was measured using a Li-Cor189 
model light meter. 
Growth, Mortality and Recruitment 
In each quadrat the following information was recorded, number of saplings (no hypocotyl less 
than 1 m), number of adults (over 1 m), the height of saplings and DBH and height of adults were 
measured. Subsequent measurements took place in November 2005, June 2006, November 2006, 
June 2007, November 2007, November 2008 and November 2009.   Ashton and Macintosh 
(2002), Dahdouh-Guebas et al. (2004) measured DBH at 1.3 m for saplings and trees (d130).  
Saplings and adults that were previously recorded as living individuals that subsequently died were 
recorded to determine mortality. Harvested individuals were recorded when the tree was missing 
but a stump remained.  Seedlings and saplings that were still present, intact but dead were 
considered as natural mortality, those that were broken were considered to have died from 
harvesting activity.  Demographic absolute growth rates were determined for each species in 
different size classes to determine how growth rates changed with time.  The following equation 
was used ((Shoot length time 1- Shoot length time 1)/time1-time0) = DAGR (cm month
-1) (Lovelock et 
al. 2007).  The suite of individuals tagged for the measurement of growth rates were divided into 
Regeneration classes (RC) 1 (<50 cm), RC2 (50.5-150 cm), RC3 (151-250 cm), and then size 
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classes 251-350 cm and >351 cm based on height measurements. Individuals greater than 130 
cm were divided into the following size classes for the monitoring of DBH; 0-0.9 cm, 1-1.9 cm, 2-
2.9 cm, 3-3.9 cm and >4 cm.  Mortality rates were determined for Regeneration classes 1 and 2 as 
these are the most vulnerable stages within mangrove populations and most important stages for 
natural regeneration of forests after disturbances (Yihui et al. 2006; Kirui et al. 2008). 
Population data were pooled from the two quadrats (16 m2) per site. The skewness and kurtosis of 
both the population and sediment dataset were tested to determine the normality of the data.  If the 
data were found to be non normal, non-parametric tests were used to determine differences 
between study areas, sites and depths, changes in population, mortality and growth.  A Kruskal-
Wallis ANOVA (H(df,N))and Mann-Whitney U test was used to determine differences and a multiple 
comparison of mean ranks was used to further test between individual means. If data were 
normally distributed then a One-Way ANOVA and a Tukey HSD test was used. All statistical 
analyses were run using Statistica (Version 9.0, 2009) (StatSoft Inc. 2007). A non-parametric 
correlation analysis (Spearman Rank test) was done to determine correlation between growth, 
mortality and environmental parameters.  
Results 
Light (µmol m-2 s-1) was measured (1.3 m above ground surface) at all sites for each sampling 
session. Significantly more light reached the forest floor where adult trees were sparse (Sites 4 
and 5) compared to areas where adults were abundant (Site 1 and Site 3 (F=4.40, p<0.001, n= 6)). 
Light was similar at all other sites (Table 4.1). It was thought that available light would be 
correlated to mangrove density but no significant correlations were found. There were also no 
significant correlations between the growth of the different species (collectively and within size 
classes) and light.   
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Table 4.1:  Descriptions of the sites where long term monitoring of growth took place at 
Mngazana Estuary. 
Site & Location Dominant species Inundation  Average Light ± 
SE (µmol m-2 s-1) 
Particle size 
distribution 
    Sand Clay Silt 
Site 1 – Creek 2 Rhizophora 
mucronata 
Spring tide 
508.7 ± 129.2 28.9 22.7 48.4 
Site 2 – Creek 2 Rhizophora 
mucronata 
Spring tide 
616.29 ± 145.2 39.8 28.5 31.7 
Site 3 – Creek 1 Bruguiera 
gymnorrhiza 
Spring tide 
364.46 ± 91.0 22.6 18.1 59.2 
Site 4 – Creek 1 Bruguiera 
gymnorrhiza 
Spring tide 
1253.76 ± 192.9 29.9 24.8 45.3 
Site 5 – Creek 2 Avicennia marina Spring tide 1353.76 ± 192.9 42.1 32.1 25.7 
Site 6 – Creek 1 Avicennia marina, 
Bruguiera 
gymnorrhiza, 
Rhizophora 
mucronata 
Neap & 
Spring tide 
943.52 ± 271.2 27.8 23.5 48.7 
Site 7– Main 
channel 
Avicennia marina Neap & 
Spring tide 676.21 ± 198.5 39.8 28.1 32.1 
Site 8 – Main 
channel  
Avicennia marina Neap & 
Spring tide 773.45 ± 152.5 37.8 27.0 35.2 
Site 9 – Creek 1 Bruguiera 
gymnorrhiza 
Spring tide 
1063.59 ± 129.4 26.6 19.9 53.5 
 
When comparing the three different areas of the Mngazana Estuary, namely Creek 1, Creek 2 and 
the main channel (Figure 1), sediment composition was found to be significantly different. Sand 
content was significantly lower in Creek 1 (H(2,107)=36.4, p<0.05) and similar at Creek 2 and the 
main channel. Clay content was significantly higher at Creek 2 (H(2,54)=32.3, p<0.05), while silt was 
significantly higher in Creek 1 (H(2,54)=39.4, p<0.05).   Differences between sites showed that the 
percentage of sand was significantly higher at Site 5 compared to Sites 1, 3, 6, 9 (H (8,54) = 53.3, 
p<0.05) and similar at remaining sites.  Site 3 and Site 9 had the lowest sand content and 
significantly more silt (53.5 - 59.2%) compared to Sites 2, 5, 7, and 8 (H (8,54) = 53.3, p<0.05). Clay 
content was significantly higher at Site 5 compared to Sites 1, 3, 6, 9.   
Sediment characteristics were compared between sites (Table 4.2) and species to determine if 
these influenced growth or mortality.  Sediment organic matter and moisture content was 
significantly higher in Site 1 compared to all other sites (OM-H(8,162)=92.9, p<0.001; MC-
H(8,162)=151.6, p<0.001).  Both these sites were situated on Creek 2 where Rhizophora was 
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dominant.  Overall, sites where Rhizophora was dominant had significantly higher sediment 
moisture content (48.9 + 1.4 %) (H (3, N= 162) =126.2, p <0.001) and organic matter (9.3 + 0.7 %) (H 
(3, N= 162) =76.7, p<0.001) followed by sites, where Avicennia was dominant (MC-36.5 + 0.9 % and 
OC- 9.3 + 0.7 %).  Sediment redox potential differed significantly between sites (F=17.80, p<0.05, 
df=8).  Most notable Sites 7 and Site 8 were more reduced compared to other sites; Avicennia was 
dominant at these sites that were located closest to the main channel of water.  Overall the 
sediment redox potential in sites where A.marina was dominant (62.8 + 9.4 mV) was more 
reduced than sites for all other species, followed by Rhizophora sites (108.9 + 10.4) (F=48.2, 
p<0.05, df=3).  pH differed significantly between sites with different species dominance (F=74.0, 
p<0.05, df=3).  Rhizophora sites had the lowest sediment pH (6.9 + 0.3), similar to Bruguiera sites 
(7.1 + 0.4) but was significantly lower than that at a mixed site where the pH was 8.1 + 0.1 
(F=74.0, p<0.05, df=3).  Salinity of the porewater was significantly lower at Site 5 compared to 
Sites 1 and 2 (H(8,108) = 23.5, p<0.05).  Site 5 was dominated by Avicennia (33.5 + 1.3 PSU) and 
overall this species was found in sites were salinity was significantly lower compared to 
Rhizophora (37.8 + 0.5 PSU) and Bruguiera (38.1 + 0.8 PSU) (H(3,108) = 20.9, p<0.0001).  
Porewater temperature was similar across all sites and was significantly correlated to the minimum 
(r=0.8, p<0.05) and maximum (r=0.8, p<0.05) air temperatures. A Spearman Rank Order 
Correlation showed that moisture content was significantly positively correlated to clay content 
(r=0.25, p<0.05) as well as organic matter (r=0.5, p<0.05) and negatively correlated to sediment 
redox potential (r=-0.34, p<0.05).   
Table 4.3 shows the changes in population structure for each species at each site. The change in 
density of each species was not significantly different between 2005 and 2009 (Avicennia (U=3.0, 
p>0.05, N=4, Bruguiera (U=3.5, p>0.05, N=4) and Rhizophora (U=3.0, p>0.05, N=3)).  Overall, the 
height and DBH of all individuals in the study increased significantly from 2005 to 2009. However 
some site differences were found.  Rhizophora individuals at Site 2 showed a significant increase 
in height (U=5653.5, p<0.05, N=122); however DBH was similar between 2005 and 2009. 
Individuals of Bruguiera have similar heights at Sites 3 and 9, while individuals at Sites 3, 4, 9 had 
similar average DBH.  Individuals of Avicennia had similar height at Site 6 and similar DBH at Site 
5.    
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Table 4.2:  Sediment characteristics, measured in November 2006, June 2007 and November 2007, of the nine sites where growth was 
monitored for all species (average ± SE (N=18)). 
Site Moisture 
content (%) 
Organic 
content (%) 
Sediment Redox 
Potential (mV) 
pH Sediment 
electrical 
conductivity (mS 
cm-1) 
Porewater 
Temperature 
(oC) 
Porewater salinity 
(PSU) 
1 52.8 + 2.4 10.5 + 1.2 96.3 + 15.9 7.1 + 0.1 39.8 + 1.2 19.8 + 0.1 37.9 + 0.6 
2 44.9 + 1.1 7.6 + 0.7 121.5 + 13.4 6.9 + 0.04 38.1 + 1.4 20.3 + 1.2 37.8 + 0.8 
3 36.3 + 0.9 5.1 + 0.6 171.4 + 14.8 7.2 + 0.1 39.4 + 1.5 19.6 + 1.1 38.1 + 1.3 
4 34.4 + 1.0 4.7 + 0.3 196.7 + 8.1 7.1 + 0.1 36.8 + 1.4 19.9 + 1.0 38.1 + 1.2 
5 38.1 + 1.1 6.2 + 0.8 100.5 + 12.7 7.4 + 0.1 37.6 + 1.2 21.9 + 1.2 28.7 + 3.3 
6 26.4 + 0.7 3.3 + 0.2 160.7 + 10.5 8.1 + 0.1 37.0 + 1.1 21.3 + 1.3 38.0 + 1.1 
7 31.8 + 1.8 4.9 + 0.4 39.0 + 17.4 7.7 + 0.1 34.5 + 1.1 19.9 + 1.1 36.0 + 0.9 
8 39.8 + 1.2 6.8 + 0.4 84.6 + 15.4 7.2 + 0.1 39.4 + 1.1 20.8 + 0.6 35.8 + 1.0 
9 28.6 + 1.6 4.2 + 0.6 186.0 + 10.8 7.0 + 0.1 35.0 + 1.0 20.3 + 1.0 38.2 + 1.7 
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Table 4.3:  Changes in population structure over time 2005-2009 (average ± SE (N)). 
  Density (individuals m-2) Mean Height (cm) Mean DBH (cm) 
Species Site Initial Final Initial Final Initial Final 
R. mucronata 1 13.5 8.6 174.7 + 6.1  191.9 + 6.5 (275)* 1.2 + 1.1 2.2 + 1.2 (163)** 
2 4.8 3.8 124.3 + 10.0  145.7 + 10.3 (122)** 3.5 + 0.4  3.2 + 0.2 (25) 
6 7.1 5.6 89.5 + 3.6  110.5 + 5.0 (179)** 1.4 + 0.2  2.1 + 0.2 (30)** 
Overall 8.4 6 137.6 + 4.1  156.8 + 4.3 (576)** 1.9 + 0.1  2.4 + 0.1 (218)** 
B. 
gymnorrhiza 
3 3.5 2.2 158.6 + 17.1  171.2 + 18.6 (69) 3.7 + 0.9  3.9 + 0.8 (19) 
4 6.1 3.8 80.3 + 12.6  87.1 + 12.7 (125)** 16.9 + 0.8 17.1 + 0.7 (8) 
9 2.3 1.8 223.2 + 1.8  240.7 + 1.9 (59) 4.2 + 0.1  4.5 + 0.1 (42) 
6 2.2 1.8 78 + 8.0  105.9 + 9.3 (57)** 1.2 + 0.1  1.9 + 0.1 (7)* 
Overall 3.5 2.4 119.4 + 7.6  132.9 + 7.9 (301)** 5.6 + 0.6  5.9 + 0.6 (72) 
A. marina 5 5.2 3.4 97.1 + 13.9 125.4 + 14.9 (111)** 5.6 + 0.7  6.1 + 0.7 (13) 
6 3.8 2.6 105.1 + 8.6  124.7 + 10.0 (81) 1.3 + 0.3  1.7 + 0.3 (26)* 
7 3.8 3.0 169.1 + 9.0  217.5 + 10.8 (96)** 1.1 + 0.1  1.5 + 0.1 (59)** 
8 11.9 7.3 100.7 + 3.2  122.5 + 4.1 (233)** 0.9 + 0.1  1.4 + 0.2 (32)* 
Overall 6.1 3.9 114.0 + 4.2  141.2 + 4.8 (506)** 1.5 + 0.2  1.9 + 0.2 (126)** 
*Indicates where p<0.05 and ** where p<0.001 for comparison of initial versus final data.  Number in brackets indicates the number of 
replicates.  Density does not take into account new individuals added to the quadrats which were insignificant.   
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The natural mortality rate of individuals in Regeneration Class 1 (0-50 cm) and 2 (51-150 cm) were 
analysed to determine differences between sampling sessions and site (Figures 4.3 and 4.4, Table 
4.4).  Mortality rates in RC1 and RC2 were similar for all species (Table 4.4).  Mortality rates for 
RC1 were similar between all sites and sampling sessions for the species Avicennia (Figure 4.3 A, 
Table 4.4).  A similar trend was found for RC2 except between Site 7 and Site 8, where mortality 
was significantly higher at Site 8, where density of individuals was higher and this may have lead 
to natural mortality (Table 4.4). Mortality rates between sampling sessions were similar (Figure 4.4 
A). Mortality rates for RC1 and RC2 were similar between all sites and sampling sessions for 
Bruguiera and Rhizophora. (Table 4.4, Figure 4.3 B, C and 4.4 B, C).    A Spearman correlation 
analysis was carried out on environmental parameters, density and mortality data for the periods of 
November 2006, June 2007 and November 2007.  The mortality rate of Rhizophora in RC1 was 
not correlated to any environmental parameters.  However the mortality in RC1 for the species 
Bruguiera showed a positive correlation with sediment moisture content (r = 0.71, p<0.05) while 
Avicennia individuals in the same size class were negatively correlated to sediment pH (r = - 0.81, 
p<0.05) and positively correlated to sediment organic matter (r = 0.74, p<0.05). Mortality rates for 
all individuals in RC2 of Rhizophora and Bruguiera were not correlated to any physical 
characteristic or to the density of individuals in those sites but the mortality rate of Avicennia 
individuals in RC2 was significantly affected by density (r=0.73, p<0.05). 
Overall growth for RC1 was similar between species (H(2,147) = 4.92, p>0.05) and between summer 
and winter (U=846.0, p>0.05, n=43). Growth rates of RC1 for the species Avicennia were similar 
between all sites where it was found.  Growth rates of RC1 for the species Bruguiera was 
significantly higher in Site 6 compared to Site 9 (H(5,70) = 19.7, p<0.05). Growth rates of RC1 for the 
species Rhizophora were similar between all sites where present. Growth rates were similar 
between sampling times for all three species and between summer and winter for this class for 
each species (Table 4.5).  Growth was similar between species (H(2,154) = 2.1, p>0.05) and 
between summer and winter (U=828.5, P>0.05, n=44) for RC2.  Individuals in this size class grew 
between 0.3 – 0.4 cm month-1. Some site differences were noted for Avicennia where growth was 
significantly lower in Site 6 compared to Site 7 and Site 8 (Table 4.6).  The growth rate of RC2 for 
Bruguiera was significantly higher in Site 6 compared to Site 1 and Site 3 (Table 4.6).  The growth 
rate of RC3 for Avicennia was significantly lower in Site 6 compared to Site 7.  The growth rate of 
RC3 for Bruguiera was significantly higher in Site 6 compared to Site 1.  There were no significant 
differences in the growth rates of RC3 for Rhizophora between sites.   Growth rates were similar 
for all species (H(2,126)=1.37, p>0.05) and between summer and winter (U=612.5, p>0.05, N=36). 
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Figure 4.3:  Mortality rates for RC1 for A) Avicennia, B) Bruguiera and C) Rhizophora at 
different sampling sessions. 
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Figure 4.4: Mortality rates for RC2 for A) Avicennia, B) Bruguiera and C) Rhizophora at 
different sampling sessions. 
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Table 4.4: Summary of statistical analyses for mortality and density of individuals in each species. 
 Test  Rhizophora mucronata Bruguiera gymnorrhiza Avicennia marina 
MORTALITY RC1 vs. RC2 U = 68.5, p>0.05, N=15 U = 415.5, p>0.05, N=20 U = 148.5, p>0.05, N=20 
RC1 vs. Sites H(2,15) =2.9, p >0.05 H(3,20) = 8.0 p>0.05 H(3,20) = 1.0 p>0.05 
RC1 vs. Sampling sessions H(2,15) =4.8, p >0.05 H(3,20) =4.2, p>0.05 H(3,20) =2.7, p>0.05 
RC2 vs. Sites H(2,15) =3.4, p >0.05 H(3,20) = 3.3 p>0.05 H(3,20) = 7.8 p<0.05 
RC2 vs. Sampling sessions H(2,15) =3.9, p >0.05 H(3,20) =3.6, p>0.05 H(3,20) =3.6, p>0.05 
DENSITY RC1 vs. RC2 U=2.0, p<0.001, n=18 U=288.0, p>0.05, n=24 U=120.5, p<0.05, n=24 
RC1 vs. Sites H (2,18) =14.21 p<0.001 H (3,24) =21.8, p<0.001 H(3,24) = 18.1, p<0.05 
RC2 vs. Sites H (n= 18) =12.9 p<0.001 H (3,24) =18.2 p<0.001 H(3,20) = 21.7, p<0.001 
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A correlation analysis showed that growth of some size classes of Rhizophora were correlated to 
environmental variables.  A significant negative correlation between growth of RC1 and sediment 
pH (r=-0.8, p<0.05) was found. RC3 was negatively correlated to porewater temperature (r=-0.73, 
p<0.05) while growth of trees greater than 350 cm was positively correlated to rainfall (r=0.90, 
p<0.05), minimum temperature (r=0.90, p<0.05), maximum temperature (r=0.82, p<0.05), sand 
content (r=0.77, p<0.05) and organic matter of the sediment (r=0.67, p<0.05).  The growth of RC1 
of Bruguiera was correlated to silt (r=0.67, p<0.05) and clay (r=-6.9, p<0.05) while all other size 
classes were not correlated to any parameters. The growth of RC1 of Avicennia was correlated to 
sediment moisture content (r=0.8, p<0.05) and the amount of silt found in the site (silt – r=-7.2, 
p<0.05).  The growth of RC4 was correlated to sediment pH (r=0.7, p<0.05), all other size classes 
were not correlated to any parameters. 
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Table 4.5:  Average increase in height (cm month-1) of all species and size classes at the Mngazana mangrove forest (average ± SE 
(N)). 
Species RC1  
(0-50 cm) 
RC2  
(51-150 cm) 
RC3  
(151-250 cm) 
251-350 cm >351 cm 
Avicennia marina 0.31 + 0.07 (78) 0.44 + 0.09  (241) 0.56 + 0.1  (67) 1.2 + 0.2 (22) - 
Bruguiera gymnorrhiza 0.25 + 0.04 (92) 0.31 + 0.05  (145) 0.65 + 0.1 (48) 0.65 + 0.2  (24) 0.65 + 0.1 (12) 
Rhizophora mucronata 0.45 + 0.09 (51) 0.40 + 0.11  (283) 0.72 + 0.1 (108) 0.44 + 0.08 (69) 0.40 + 0.3 (12) 
 
Table 4.6:  Summary of statistical analyses for growth (height) of individuals in different size classes for each species. 
 Rhizophora mucronata Bruguiera gymnorrhiza Avicennia marina 
 RC1 RC2 RC3 RC1 RC2 RC3 RC1 RC2 RC3 
vs. Sites H(2,42) = 
2.12, 
p>0.05 
H(2,42)=3.03, 
p>0.05 
H(2,42)=2.04, 
p>0.05 
H(3,70) = 
19.7, 
p<0.001 
H(3,70)=13.6, 
p<0.0.05 
H(3,49)=15.3, 
p<0.05 
H(3,35) = 
2.67, 
p>0.05 
H(3,42)=20.9, 
p<0.001 
F=3.34, 
p<0.05,   df=2 
vs. Sampling 
session 
H(6,35) = 
4.89, 
p>0.05 
H(6,70)=14.9, 
p>0.05 
H(6,42)=8.51, 
p>0.05 
H(6,70) = 6.1, 
p>0.05 
H(6,70)=14.9, 
p>0.05 
H(6,49)=7.04, 
p>0.05 
H(6,35) = 
5.15, 
p>0.05 
H(6,42)=5.15, 
p>0.05,   
F=1.95, 
p>0.05,   df=6 
Summer vs. 
Winter  
U=57.5, 
p>0.05,  
N=12 
U=37.0, 
p<0.05,  
N=12 
U=66.0, 
p>0.05,  
N=12 
U=146.5, 
p>0.05,  
N=21 
U=128.0, 
p>0.05,  
N=20 
U=73.0, 
p>0.05,  
N=14 
U=45.0, 
p>0.05,  
N=10 
U=44.0, 
p>0.05,  
N=12 
F=3.15, 
p>0.05,   df=1 
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The growth rate of DBH for size class 0-0.9 cm for the species Avicennia was similar at all sites 
(F=1.38, p>0.05, df=2).  Site 8 showed a higher growth in size class 1-1.9 cm when compared to 
Site 7 (H(n= 40) =7.23, p <0.05). Growth in size class 0-0.9 was significantly lower compared to 1-1.9 
cm and 2-2.9 cm while size class >4 cm was significantly lower compared to 2-2.9 (F=5.46, 
p<0.05, df=3).  No individuals were present in size class 0-0.9 cm for the species Bruguiera.  
Growth recorded for the size class 1-1.9 cm was significantly higher in Site 6 than Site 1, 3, 4 and 
9 while growth recorded in Site 4 was significantly lower than Sites 1, 3,6 and 9 (F=5.21, p<0.05, 
df=4).  Growth recorded for individuals greater than 4 cm was similar at all sites for the species 
Bruguiera.  The growth in DBH was significantly higher in 0-0.9 cm compared to 1-1.9 cm (H(n= 192) 
=24.6, p <0.001) and similar between all other size classes for the species Rhizophora (Table 4.7).   
Site 1 had significantly lower increases than Site 6 in 0-0.9 cm class (F=12.49, p <0.05, df=1).  
Growth was similar between sites for 1-1.9 cm (H(n= 103) =2.97 p>0.05), 2-2.9 cm (U =83.5, p >0.05, 
n=33) and >4 cm (F=0.14, p >0.05, df=1).   
Table 4.7: Average increase in diameter at breast height (mm yr-1) of all species and size 
classes at the Mngazana mangrove forest (average ± SE (N)).  
Species 0-0.9 1-1.9 2-2.9 3-3.9 >4 
Avicennia marina 0.8 + 0.01 
(53) 
1.4 + 0.1     
(40) 
2.3 + 0.5  
(3) 
- 0.9 + 0.05 
(8) 
 
Bruguiera 
gymnorrhiza 
- 0.80 + 0.02 
(32) 
0.77 + 
0.05 (8) 
1.4 + 0.1  
(7) 
0.90 + 0.3 
(36) 
 
Rhizophora 
mucronata 
1.3 + 0.1  
(32) 
0.8 + 0.05 
(103) 
0.9 + 0.07 
(39) 
- 1.6 + 0.3 
(18) 
 
 
Discussion and Conclusion 
Harvesting of mangroves at the Mngazana Estuary potentially threatens the long-term survival of 
the mangrove forest.  Therefore this study investigated the effect of environmental factors on 
growth.  Growth rates of different size classes were measured to determine if the forest could 
sustain long term harvesting.  Globally, mangrove distribution is limited by air temperature (20o 
winter isotherm line) but more locally factors such as salinity, sediment redox potential and pH play 
a role in the growth and zonation of species in a particular estuary (Hogarth, 1999; Singh and 
Odaki, 2004; Spalding et al. 2010).  The persistence of a mangrove forest relies on the constant 
and adequate supply of water and nutrients as well as sediment stability (Singh and Odaki, 2004; 
Krauss et al. 2008; Alongi, 2009).  Mngazana Estuary is permanently open, and this status is 
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maintained by the presence of a rocky outcrop on one side of the mouth. The flow of freshwater 
into the head of the estuary has not been monitored, so it is not possible to say if the quantity of 
freshwater has decreased over time.  Influenced by the ocean, the salinity of the water column and 
porewater was stable (~35 PSU) within the mangrove area.   Middelburg et al. (1996) noted that 
the highest sediment salinity where Avicennia, Bruguiera, Rhizophora, was recorded were 68, 
35.8, and 33.1 PSU respectively in Gazi Bay, Kenya while Kirui et al. (2008) measured values as 
high as 89 PSU for Avicennia in the same area.   Porewater salinity in this study never exceeded 
38.1 PSU and sediment salinity was on average below 26 PSU, therefore salinity was not 
expected to limit mangrove growth.  Avicennia was dominant along the main channel with 
seedlings colonising the intertidal areas in front of the adult trees.  Sediment redox potential was 
lower in these areas compared to the landward edge of the forests.  Rhizophora was dense along 
Creek 2 where moisture and organic content were highest while Bruguiera was mostly found on 
the landward edge of Creek 1.  These sites were drier, redox potential was higher and sediment 
organic content was low. Sediment particle size composition plays a major role in retaining 
moisture, nutrients and organic matter in the forest floor which influences the levels of redox 
potential within the sediment (Wilson et al. 2008; Yang et al. 2008).  Sites that were characterised 
by high silt content also had high water content and organic matter.  Similarly, Prasad and 
Ramanathan (2008) found that finer fractions of sediments hold higher levels of organic carbon 
due to higher surface area in the Pichavaram mangrove sediments in India. Sediment 
characteristics influenced species mortality and growth in this study, for example,  the mortality of 
Bruguiera individuals in RC1 was significantly correlated to moisture content implying that this 
species prefers drier areas. Watson (1928) placed Bruguiera in inundation Class 4 as it is found in 
areas that are generally inundated by spring tides only.  Rhizophora and Avicennia are found in 
Class 1 and 2 respectively which correlates to the areas where these species were found in this 
study. The growth of Avicennia individuals in the same size class were negatively correlated to 
sediment pH showing that this species prefers acidic soils (Reef et al. 2010).    
The recruitment of new individuals (into RC1) was very low over the study period and could have 
been influenced by trampling by harvesters and also predation of propagules by crabs.  Dahdouh-
Guebas et al. (1998) noted that both the tides as well as crab predation can have a significant 
effect on the presence of propagules in a mangrove forest and therefore recruitment. Neither of 
these parameters has been investigated in the Mngazana Estuary.  Crab populations are large, for 
example the population size of the crab species Neosarmatium meinerti was estimated at 6 million 
crabs in 150 ha of mangrove forest (Emmerson and McGywnne, 1992).  However they were 
feeding on mangrove leaves and therefore further studies are required to investigate the effect of 
crabs on propagule density and the extremely low recruitment which this study found.   
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The mortality of Avicennia individuals in RC2 was correlated to density of individuals, which 
showed that intraspecific competition and self thinning were taking place.  Mohammadizadeh et al. 
(2009) recorded the best growth/vigour of Avicennia juveniles when they were grown 1 m apart 
and irrigated with freshwater, showing that density and salinity played a role in the success of 
seedling establishment.  ElAmry (1998) found that the survivorship curve of most populations of 
Avicennia in the United Arab Emirates were categorised as Type 1 where the probability of death 
increases with age and size but a few sites showed Type 3 survivorship curves where, the 
juveniles (no height given) of this species showed the greatest mortality rate and the rate 
decreased with age.  Similar results were reported by Hegazy (1998) in Qatar, seedlings had a 
higher mortality rate (10-30%) compared to those greater than 50 cm (4-8%). Pinzon et al. (2003) 
measured mortality rates of Bruguiera seedlings in canopy gaps (38%) and under an intact canopy 
(64%).  Mortality rates were much lower in this study and ranged from 10-30% and 2-20% for 
Bruguiera and Rhizophora seedlings.  
Growth rates of each size class differed for the each species.  Rhizophora growth peaked in the 
size class 151-250 cm, while growth stabilised at 151 cm for Bruguiera.  The growth rate of 
Avicennia increased from RC1 (0-50 cm) to individuals greater than 351 cm in height.   AboEl-Nil 
(2001) measured growth rates of ~ 1-5 cm month-1 for Avicennia plantations near Kuwait, where 
the species was introduced.  In this study this species grew much slower (0.3-1.2 cm.month-1).  
Mangroves do not occur naturally near Kuwait due to the lower water temperatures therefore 
growth may have been enhanced by silviculture practices.  Growth rates for Avicennia (>120 cm) 
in Thailand were approximately 0.35 cm month-1 increase in height (Vaiphasa et al. 2007), which 
was lower than that recorded in this study for the same size class (0.44 cm.month-1).  Padilla et al. 
(2004) recorded stem elongation for Rhizophora apiculata and Rhizophora seedlings to be 
between 5.6 to 10.6 cm year-1 depending on the location in the Philippines.  In our study seedlings 
of Rhizophora did not increase by more than 5.4 cm year-1.   
The rate of increase in DBH for adult trees for all species at Mngazana Estuary was between 0.7 
and 2.3 mm yr-1.  The highest rate (0.8-1.4 mm year-1) was measured for Avicennia trees that were 
in the DBH size class of 2-2.9 cm.  Faster growth rates for Avicennia (>120 cm in height - 2-2.5 cm 
month-1 in DBH) have been recorded in Thailand (Vaiphasa et al. 2007).  Devoe and Cole (1999) 
measured rates of 3.5 mm yr-1 for Bruguiera and 3.7 mm yr-1 for Rhizophora but for much larger 
trees (DBH = 25 cm and 11 cm respectively) in the Federated States of Micronesia. Faster growth 
rates (8.9 mm yr-1) have been recorded in Indonesian plantations of mangroves (Rhizophora, Age 
= 7 yrs old, DBH = 5.91 cm) where favourable spacing is possible (Sukardjo and Yamada, 1992).   
 This study has shown that climatic conditions and sediment pH were important environmental 
factors that influenced the growth of certain size classes within the populations of the three 
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mangrove species found at Mngazana mangrove forest.  Rainfall and subsequent runoff leads to 
decreased salinity and increased nutrient supply to coastal areas.  Growth rates and productivity 
will be enhanced with increased rainfall (Eslami-Andargoli et al. 2009). Krauss et al. (2006) and 
Krauss et al. (2006a) noted the positive effect of rainfall on diameter growth of mangrove trees in 
South Florida and Micronesia respectively. Menezes et al. (2003) found rainfall to be a significant 
driver of growth in areas where tidal inundation is limited and rainfall is important as it decreases 
porewater salinity.  In the present study, salinity was fairly stable as Mngazana Estuary is tidally 
driven, however a significant correlation was found between rainfall and the growth of trees greater 
than 350 cm for Rhizophora.  The average rainfall during the study period (2005-2009) was 80.9 + 
11.2 mm month-1.  The amount of rainfall in the last three years of the study was below the 
average for the entire time period, with the lowest rainfall occurring in 2009 (50.6 + 8.1 mm month-
1).  Growth for this size class decreased significantly during 2008 to 0.1 cm. month-1 and then 
increase in 2009.  Rainfall in November 2009 (87.5 mm month-1) was higher than preceding 
months, measurements taken at the end of November recorded a growth rate of 1.1 cm month-1.  
Most rain occurred in summer which had the highest temperatures and therefore growth for this 
size class was also correlated to air temperature. The growth rates of the mangroves at Mngazana 
Estuary are very slow compared to studies at lower latitudes.   
To sustain fast growth rates, mangroves need high levels of nutrients therefore they have become 
adapted to oligotrophic environments by sustaining low growth rates (Reef et al. 2010). Naidoo, 
(1990, 2009) recorded dwarfism in Avicennia present in areas with low nutrients and high salinity, 
enrichment studies showed that the addition of both nitrogen and phosphorus resulted in taller 
more robust trees compared to just Phosphorus alone.   The nutrient levels in the sediment of the 
Mngazana mangrove forest have not been investigated neither has the N:P ratio of the leaves 
been determined.  This would give greater insight as to why the growth rates were slower.  
The availability and solubility of certain metals is influenced by redox potential and pH of the 
sediment (Pezeshki, 2001; Gleason et al. 2003; Singh and Odaki, 2004; Reef et al. 2010).  pH of 
the sediment ranged from 6.9 to 8.1 at Mngazana Estuary during this study.  It has been reported 
that sediment pH greater than 7 can lead to a loss of nitrogen in the sediment due to ammonia 
volatilization (Singh and Odaki, 2004; Reef et al. 2010).  Increases in pH at any given sediment 
redox potential will lower the solubility of metals (iron and manganese) making them less available 
for mangroves to take up, thus influencing the growth rate.  Flooding of the sediment should 
maintain the pH at 7 as flooded sediment is buffered by iron, manganese and aluminium oxides as 
well as organic acids.  pH showed a significant negative correlation with growth of Rhizophora 
seedlings in the present study.  This species was found in sites where sediment pH was between 
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6.1 and 7.7 similar to conditions reported for other species in this genus (Rhizophora mangle <6.6, 
Piou et al. 2006). 
This study has investigated the relationship between environmental factors and growth of different 
size classes.  Seedlings of Rhizophora responded to changes in the sediment characteristics (pH) 
which may influence the availability of nutrients in the sediment matrix.  The growth (height) of 
larger individuals of Rhizophora was related to climatic conditions (rainfall and temperature) and 
also organic matter.  High moisture content increased the mortality of Bruguiera seedlings.  Overall 
these results highlight the importance of continued freshwater (which influences salinity and 
nutrients) and riverine sediments (mostly silts and clays) into the Mngazana Estuary to maintain 
the sediment composition of the mangrove forest and to enhance nutrient concentrations (Duarte 
et al. 1998).  At the other end of the estuary a possible future concern is the delta present less 
than 100 meters from the mouth of the estuary that extends into the mouth of Creek 1.  This delta 
consists of beach sand and if it continues to extend, and increase in height, this may influence the 
hydrology and sediment composition of the estuary which in turn will impact the mangrove forest 
and associated fauna.  This highlights the importance of major floods to allow scouring to occur 
and to maintain the mangrove habitat in the lower reaches of the estuary.  
The feasibility of harvesting in the Mngazana mangrove forests is influenced by the rate of natural 
recruitment, mortality rates of younger size classes and slow growth rates. Kairo et al. (2009) 
recorded an increase in height of 6.5 cm month-1 for Rhizophora and 5.5 cm month-1 for Avicennia 
in Kenya.  It was determined it would take 5 years for those trees to attain a height of 390 cm with 
a DBH of 5.3 cm for Rhizophora and 8 years for Avicennia to reach a height of 530 cm with a DBH 
of 7.5 cm.  At Mngazana Estuary, if the differences in growth rate for each size class are taken into 
account it will take approximately 13 years for Rhizophora seedlings, the preferred species for 
harvesting, to grow to a height of 390 cm which is the height at which trees are selected for 
harvesting.  By comparison it would take approximately 12 years for Avicennia. Natural recruitment 
was very low for all species but a seedling and sapling bank does exist for all species present.  For 
now, what is clear is that the length of time required for new individuals to grow to the preferred 
height for harvesting is approximately 13 years while the durability of a building made of 
mangroves is approximately 20 years (minimum = seven years, Traynor and Hill, 2008) but 
continued reliance on particular size classes will affect the potential for natural recruitment. In 
order to determine how much harvesting is feasible, a population model, such as a matrix model, 
can be used to compare the effect of harvesting on seedling density.  
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Chapter 5: The effect of harvesting on the population dynamics 
and growth of the mangrove forest at Mngazana Estuary using 
matrix models 
Introduction 
Mangrove forests are known to have survived for approximately 65 million years and therefore are 
resilient to large scale disturbances (Alongi, 2009).  Key mangrove features that have assisted in 
their resilient nature include; the presence of a large reservoir of below-ground nutrients so that if a 
disturbance takes place the displaced nutrients can be replenished.  Rapid biotic turnover has 
been recorded in mangrove forests and is facilitated by rapid rates of nutrient flux and microbial 
decomposition.  Internal recovery after a disturbance is accelerated by complex and efficient biotic 
controls such as nutrient-use efficiency (Alongi 2008, Alongi 2009).  Frequent, small scale 
disturbances such as harvesting disrupts the flow of nutrients from the living biomass to the 
sediment environment via the roots, changes to the microenvironment will also reduce the capacity 
of mangrove forests to recover.  
Unsustainable harvesting of adult trees negatively affects the regeneration potential of a forest 
(Emanuel et al. 2005).  Fewer reproductively active adult trees will result in fewer propagules 
which in turn causes low re-establishment as a result of predation by crabs and the movement of 
propagules out of the estuary to other systems.  An established individual is one that has been 
able to avoid pre and post dispersal herbivory because it has become rooted and attained a height 
of 1 m (Krauss et al. 2008). A density of 2 500 – 3 200 seedlings ha-1 has been suggested as a 
minimum number required for natural regeneration to take place after a disturbance (FAO, 1994; 
Bosire et al. 2008).  Ashton and Macintosh (2002) recommended 5 000-10 000 seedlings ha-1 for 
adequate regeneration in a cleared area in the Matang Mangrove forest in Peninsular Malaysia.  A 
lower limit of 5000 seedlings ha-1 was used in this study to determine sustainable harvesting levels 
and the validity of this was assessed after the matrix modelling. 
With the use of population models such as a matrix models, one can predict the quantitative 
changes in a population structure and thus add value to any management plan established for a 
particular mangrove forest. Models are popular conservation and management tools used to 
predict changes to plant and animal populations that are at risk due to activities such as harvesting 
(Raimondo and Donaldson, 2003; López-Hoffman et al. 2006; Owen-Smith, 2007; Ajonina, 2008). 
Matrix models are age or stage structured models used in cases when harvesting is the main risk.  
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One takes into account the probability of an individual plant moving from one size class to the next 
i.e. transition probabilities as well as the possibility of the individuals persisting in the size class or 
dying (Caswell, 2001; Porte and Bartelink, 2002; Boyce et al. 2006; Owen-Smith, 2007; Caswell, 
2009).  In the case of plants, the model usually uses plant size (height or DBH).  Model parameters 
include recruitment (the portion of propagules that is produced by a specific size class that is 
added to Size Class 1), mortality (M), transition rates (T) and persistence rates (P) for each size 
class, these are known as the vital rates (Caswell, 2001; Porte and Bartelink; 2002; Owen-Smith, 
2007) (Figure 5.1).   
 
 
 
 
 
 
 
Figure 5.1: The layout of the matrix model illustrating the vital rates (mortality (M), transition 
rates (T) and persistence rates (P) for each size class. 
 
As mentioned in the previous chapter harvesting of mangroves occurs at a number of estuaries in 
South Africa.  Data collected in Chapter 3 represent the long term monitoring of the mangroves at 
Mngazana Estuary where harvesting of mangroves has been evident for many years (Rajkaran et 
al. 2004, Rajkaran and Adams, 2010).  Particular emphasis in the previous Chapter was placed on 
determining growth and mortality rates as this information is missing for South African mangrove 
species. This chapter focuses on the predicted effects of harvesting in the Mngazana Estuary on 
mangrove population structure. 
Chapter 2 showed that the harvesting of mangroves at this estuary is changing the size of the 
mangrove forest and the population structure by decreasing the number of trees in particular size 
classes but it may also encourage natural regeneration of seedlings in harvested areas.  A 
comparison of height classes of the non-harvested and harvested sites in the Mngazana Estuary 
showed that the height class 2.3 – 3.3 m was dominant in non-harvested sites while in harvested 
sites smaller trees were dominant.  All the harvested poles were approximately 3 m. Traynor and 
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Hill (2008) interviewed harvesters with regard to harvesting preferences; they stated that any tree 
greater than 2 m in height with a desired DBH would be harvested.  They also stated that the 
required length of the wall poles used for building homesteads was 3 m for wall pools while roof 
poles were usually 4 m.  This explained the differences found for mangrove height between 
harvested and non-harvested sites.  
Traynor and Hill (2008) recorded that the preferred species for building was Rhizophora mucronata 
(41% of participants preferred this species) and Bruguiera gymnorrhiza (21%) while Avicennia 
marina was used for firewood.  The objective of this study was to develop a matrix model to 
determine the most sensitive size classes to changes in vital rates within the population and to 
determine the effect of different harvesting intensity scenarios, on the population structure of three 
mangrove species: Avicennia marina, Bruguiera gymnorrhiza and Rhizophora mucronata.  The 
model results were compared to the observed population structure measured in the field at the end 
of the study in 2009 to determine the accuracy of the model. 
Materials and Methods 
Model development and accuracy 
Nine sites were used to collect data to populate the model.  The population of each site was 
divided into a number of size classes based on mangrove height (Table 5.1).  These were the 
same size classes used in Chapter 3 to determine growth rates.  Transition rates were 
determined by counting the number of individuals in each size class over a period of five years 
(2005-2009).  The persistent rate was the percentage of individuals that were in the same size 
class between two successive years (2005 compared to 2006).  The transition rate was the 
percentage of individuals that were still alive but were now in the next successive size class 
therefore they had grown taller.  Mortality rates were determined for the first two size class i.e. <50 
cm and 50.5-150 cm as outlined in Chapter 3.  The natural mortality of the other size classes could 
not be determined as none of the taller trees died unless they were harvested by the local 
community.  In the model, natural mortality was included within the persistence rate i.e. the 
persistence rate was lowered by the appropriate percentage determined for each species based 
on the five year dataset.  On two sampling trips (November 2005 and June 2006) the number of 
propagules on each tree was counted and the height of the tree was recorded.  These data were 
used to determine the fecundity of each size class and were used as input on the proportion of 
propagules added by each size class to the total number of propagules.  Natural recruitment which 
was the number of new seedlings (hypocotyls present - <50 cm) added to the population was 
calculated for the five year period.  Not all propagules that are produced establish themselves due 
to crab predation and tidal movement.  The number of individuals in each size class was converted 
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from number m-2 (calculated from site data) to number ha-1. The number of individuals that an area 
is able to support (carrying capacity) was assumed to be the total number of individuals in the 
population. The model was formulated to be density dependant, therefore the greater the number 
of individuals in the total population the stronger the effect of competition on the smaller individuals 
resulting in a lower survival rate.  The time span for each population model was determined by 
how long the population size would take to stabilise. Nt is the size of the population at the start of 
the study. Nt+1 is the sum of all the size classes calculated for each year after the start of the study 
(t+1). The ratio between Nt+1 / Nt is the finite rate of increase and summarises the dynamics of a 
population.  This ratio is symbolised by lambda (-the dominant eigenvalue of the matrix).  When 
=1 then the population is in balance and remains stable (Nt+1 = Nt), if >1 the population is 
increasing (Nt+1 > Nt) and if <1 then the population is decreasing (Nt+1 < Nt) (Slivertown and 
Charlesworth, 2001; Rockwood, 2006).  Initial model results were compared to the observed 
population structure measured in the field at the end of the study in 2009 to determine the 
accuracy of the model. 
Sensitivity and elasticity tests 
To identify sensitive life stages for each species, sensitivity and elasticity assessments were 
undertaken. A sensitivity assessment allows for each rate to be altered by the same value while an 
elasticity assessment allows the rates to be adjusted by the same proportion (de Kroon et al. 1986; 
Neubert and Caswell, 2000; López -Hoffman et al. 2006; Rist et al. 2010).  The resultant change 
on λ estimates the importance of that life stage in influencing the population growth rate.   
Harvesting intensity scenarios 
Harvesting scenarios represented a static harvesting rate of 1, 5, 10, 15, 20 and 100%.  To 
determine the effect of harvesting on the total population (N) as well as different size classes a 
number of harvesting scenarios were added to the model.  Population monitoring from previous 
chapters showed that harvesting of trees taller than 250 cm was common, therefore the model 
assumed that a percentage of Size Class 4 (250-350 cm) and 5 (>351 cm) would be harvested 
each year.  The following harvesting intensities were used; 1%, 5%, 10%, 15%, 20% and 100% of 
a particular size class ha-1 year-1.  These scenarios would show how much of the population could 
be harvested and what the limit was for harvesting.  The scenarios also showed how each size 
class changed in abundance in response to the different harvesting intensities. 
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Table 5.1:  Summary of data for each species and size class (S1-S5) used to populate the 
matrix models. 
Species Size class 
(Height) 
S1 
<50 cm 
S2  
50.5-150 cm 
S3  
151-250 cm 
S4   
251-350 
cm 
S5 
>351 cm 
Avicennia 
marina 
N(t0) (per ha
-1) 16 786 40 536 8 036 2 500 1 339 
Transition rate 0.2 0.1 0.1 0.1 0 
Persistence rate 0.6 0.8 0.9 0.9 0.9 
Fecundity 0 0 0 0.5 0.5 
Mortality rate (%) 21.0 + 6.8 6.9 + 2.0 ND ND ND 
Bruguiera 
gymnorrhiza 
N(t0) (per ha
-1) 12 831 10 703 2 109 2 188 2 266 
Transition rate 0.08 0.08 0.12 0.02 0 
Persistence rate 0.79 0.8 0.88 0.98 0.9 
Fecundity 0 0.16 0.16 0.33 0.33 
Mortality rate (%) 12.2 + 4.6 7.2 + 7.6 ND ND ND 
Rhizophora 
mucronata 
N(t0) (per ha
-1) 11 979 43 750 10 104 8 125 2 917 
Transition rate 0.3 0.03 0.1 0.03 0.1 
Persistence rate 0.6 0.88 0.9 0.97 0.9 
Fecundity 0 0.16 0.16 0.33 0.33 
Mortality rate (%) 15.6 + 3.6 8.5 + 2.3 ND ND ND 
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Results 
Model development and accuracy 
The expected population growth curves were determined for the three species found at Mngazana 
Estuary using the data in Table 5.2 before harvesting scenarios were run (Figure 5.2).  A 
logarithmic curve was fitted to the data to assess the applicability of the data derived from the 
model.  The resultant equation and r and p values are shown in the respective graphs.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2:  Density dependant population growth curves for A) Avicennia, B) Bruguiera and 
C) Rhizophora. 
The changes in the initial (observed) population structure in 2005 were compared to the observed 
and expected population structure of the three species in 2009 (Figure 5.3-Figure 5.5).  A reverse-
0 50 100 150 200 250 300 350 400
Time (yr)
10000
20000
30000
40000
50000
60000
70000
80000
T
o
ta
l 
P
o
p
u
la
ti
o
n
 (
N
)
 Var1:Var4:   y = 48967.9731 + 34.4488*x;
 r = 0.7754, p = 0.0000
A 
0 100 200 300 400 500 600 700 800
Time (yr)
10000
20000
30000
40000
50000
60000
70000
80000
 Var1:Var3:   y = 24168.6658 + 27.6723*x;
 r = 0.9275, p = 0.0000
B 
0 50 100 150 200 250 300 350 400
Time (yr)
10000
20000
30000
40000
50000
60000
70000
80000
T
o
ta
l 
P
o
p
u
la
ti
o
n
 (
N
)
 Var1:Var2:   y = 70415.2421 + 45.2495*x;
 r = 0.8645, p = 0.0000
C 
 97 
J distribution is characteristic of shade-tolerant canopy trees that maintain a more or less constant 
rate of recruitment (Klimas et al. 2007).  An exponential curve was fitted to each species 
population structure to determine if the data followed a reversed J-shape curve (Kairo et al. 2002; 
Westphal et al. 2006).   
The initial population structure for Avicennia marina (Figure 5.3) did not follow the reversed J 
shaped curve as there were more juveniles (height class 50-150 cm) than seedlings (<50 cm) (r=-
0.67, p>0.05) as was the case in 2009 for this species (r=-0.43, p>0.05).  The expected population 
structure curve as determined by the matrix model showed more individuals in Size Class 3 (151-
250 cm) compared to other size classes for Avicennia marina (r=-0.51, p>0.05). 
The total population size for Bruguiera gymnorrhiza was lower than the other two species.  
Bruguiera gymnorrhiza showed a significant reversed J-shaped curve in 2005 (r=-0.88, p<0.05), 
compared to 2009 (r=-0.57, p>0.05), and the expected 2009 model prediction (r=-0.69, p>0.05) 
(Figure 5.4).  The expected population structure for Rhizophora mucronata (Figure 5.5) in 2005 
(r=-0.52, p>0.05) and 2009 (r=-0.25, p>0.05) did not show a reversed J-shape curve while the 
expected 2009 model results did (r=-0.93, p<0.05). 
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Figure 5.3: Observed and expected changes in the Avicennia marina population structure 
over time A) 2005, B) 2009 and C) Expected 2009. 
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Figure 5.4:  Observed and expected changes in the Bruguiera gymnorrhiza population 
structure over time A) 2005, B) 2009 and C) Expected 2009. 
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Figure 5.5: Observed and expected changes in the Bruguiera gymnorrhiza population 
structure over time A) 2005, B) 2009 and C) Expected 2009. 
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Sensitivity and Elasticity tests 
Sensitive life stages were identified for each species using sensitivity and elasticity assessments.  
Elasticity adjustments of 5-30% showed a change in λ which indicated the importance of that life 
stage in influencing the growth rate of the population.  The adult survival rate was most sensitive to 
change as indicated by the greatest effect on λ for Avicennia and Bruguiera. Decreasing the 
survival parameters for Size Classes 3-4 by 5 % showed a 2% decrease in λ for both species while 
a 30% reduction showed a 15% and 14% decrease in λ respectively (Table 5.2, 5.3).  The 
elasticity and sensitivity assessment for Rhizophora mucronata did not show any particular vital 
rate as being particularly sensitive to changes as the λ values remained similar for all tests (Table 
5.4). 
Table 5.2: The mean λ values for the perturbation analysis (elasticity and sensitivity) of 
model parameters for Avicennia marina. 
 Lamda (λ) values 
Elasticity Fecundity Adult survival (S3-S5) Juvenile survival (S1-S2) 
5% 0.998 0.985 0.996 
10% 0.997 0.954 0.993 
20% 0.996 0.893 0.982 
30% 0.995 0.848 0.968 
Sensitivity Fecundity Adult survival (S3-S5) Juvenile survival (S1-S2) 
0.1 0.996 0.812 0.914 
0.2 0.994 0.614 0.907 
0.3 0.989 0.774 0.975 
0.4 0.975 0.777 1.023 
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Table 5.3: The mean λ values for the perturbation analysis (elasticity and sensitivity) of 
model parameters for Bruguiera gymnorrhiza. 
 Lamda (λ) values 
Elasticity Fecundity Adult survival (S3-S5) Juvenile survival (S1-S2) 
5% 1.002 0.980 0.999 
10% 1.000 0.947 0.997 
20% 0.999 0.893 0.991 
30% 0.999 0.861 0.986 
Sensitivity Fecundity Adult survival (S3-S5) Juvenile survival (S1-S2) 
0.1 0.990 0.888 0.980 
0.2 0.996 0.840 1.004 
0.3 0.985 0.826 1.012 
0.4 0.978 0.819 1.028 
 
Table 5.4: The mean λ values for the perturbation analysis (elasticity and sensitivity) of 
model parameters for Rhizophora mucronata. 
 Lamda (λ) values 
Elasticity Fecundity Adult survival (S3-S5) Juvenile survival (S1-S2) 
5% 0.999 0.994 0.996 
10% 0.999 0.992 0.996 
20% 0.997 0.988 0.989 
30% 0.996 0.985 0.981 
Sensitivity Fecundity Adult survival (S3-S5) Juvenile survival (S1-S2) 
0.1 0.996 0.987 0.970  
0.2 0.989 0.983 0.969 
0.3 0.973 0.982 0.969 
0.4 0.957 0.981 0.969 
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Harvesting intensity scenarios 
The Avicennia marina trees at Mngazana are not completely harvested, but rather portions of the 
tree are used for firewood and in some cases trees are completely harvested for fire wood.  The 
assumptions for this model were 1) a tree, or portion of a tree, used for firewood is taken as a 
completely harvested tree and 2) that harvesting only affects the tallest trees in the forest (S5).  
The second assumption was based on field observations from Mngazana and Mhlathuze Estuary, 
where the tallest trees were the ones that were targeted.  A hundred percent harvesting of 
individuals in the tallest size class decreased the total population to below 10 000 trees ha-1(Figure 
5.6) and λ to 0.994 (Table 5.5).   
Restricting harvesting to just one size class that has reached reproductive maturity will ensure that 
other trees will still be present to produce propagules and subsequently seedlings (Table 5.1).  For 
this reason λ values as shown in Table 5.5 for Avicennia remain just below 1 for all harvesting 
scenarios. The number of individuals in Size Class 2 under 0% harvesting stabilised at less than 
10 000 ha-1 (Figure 5.7).  This decreased when the harvesting intensity increased as did all size 
classes.  To ensure more than 5 000 individuals were present in Size Class 1, which represents 
the main class for natural regeneration, harvesting must not exceed 20% of the trees taller than 
350 cm per year.  This is equivalent to 238 + 4.5 harvested trees ha-1 yr-1.  
Figure 5.6: Changes in total population size for the species Avicennia marina over time in 
response to different harvesting scenarios. 
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Table 5.5: Mean λ values for Avicenna marina under different harvesting scenarios after 350 
years. 
  Size class (Height (cm) 
Harvesting 
intensity 
Total 
Population (N) 0-49  50-150  151-250  251-350   >350  
0% 1.000 1.001 0.997 1.001 1.004 1.006 
1% 0.998 0.999 0.996 0.999 1.002 1.004 
5% 0.997 0.998 0.995 0.998 1.002 1.002 
10% 0.996 0.997 0.994 0.998 1.001 1.001 
15% 0.996 0.997 0.994 0.997 1.001 1.000 
20% 0.996 0.996 0.994 0.997 1.000 0.999 
100% 0.994 0.995 0.992 0.996 0.999 1.000 
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Figure 5.7: The impact of harvesting on the number of individuals ha-1 in each size class of 
the Avicennia marina population over time. (Y-axis was not standardised for all graphs so 
that curves would be visible) 
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The assumption was that harvesting of two size classes would take place at Mngazana Estuary for 
Bruguiera.  All trees greater than 251 cm would be removed.  Harvesting of Bruguiera gymnorrhiza 
had a dramatic effect on the population size of this species.  The total population of this species 
decreased by 63% when harvesting intensity was set at 1%.  This allowed the population to 
stabilise at 15 000 trees ha-1 (Figure 5.8).  Increasing the intensity to 2% dropped the total 
population to approximately 5 000 trees ha-1. The mean λ for this species dropped from 0.999 to 
0.834 at 100% harvesting intensity showing that the population was decreasing and natural 
regeneration was not taking place (Table 5.6). 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: Changes in total population number for the species Bruguiera gymnorrhiza over 
time in response to different harvesting scenarios. 
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Table 5.6: Mean λ values for Bruguiera gymnorrhiza for different harvesting scenarios after 
701 years, the number of years required for the population to reach equilibrium was greater 
than for the other two species. 
  Size class (Height (cm) 
Harvesting 
intensity 
Total 
Population (N) 0-49    50-150  151-250  251-350   >350   
0% 1.000 1.001 0.999 1.000 1.002 1.000 
1% 0.999 0.999 1.000 1.000 0.999 0.999 
5% 0.980 0.980 0.979 0.981 0.983 0.977 
10% 0.949 0.949 0.948 0.950 0.951 0.946 
15% 0.922 0.922 0.922 0.924 0.924 0.918 
20% 0.901 0.901 0.901 0.902 0.902 0.896 
100% 0.834 0.832 0.835 0.834 0.832 0.822 
 
The quantitative changes in each size class for Bruguiera gymnorrhiza are summarised in Figure 
5.9.  Harvesting intensities of 15% and 100% were omitted from the graphs as the curves were 
similar to the 20% harvesting intensity and were not visible. Harvesting 1% of adult trees 
maintained the density of size class 1 to > 5 000 individuals ha-1 (Figure 5.9).  The equivalent of 47 
trees ha-1 yr-1 could be harvested.  This species is very sensitive to harvesting, which may be the 
result of the overall low density and therefore no harvesting should take place. 
The same assumption regarding harvesting was used for Rhizophora mucronata that harvesting of 
two size classes would take place at Mngazana Estuary. Documented data showed that the 
average pole length was 3.4 m.  Harvesting scenarios in the model were restricted to the last two 
size classes (>251 cm).  Total population size decreased from ~ 80 000 to 28 000 individuals.ha-1 
when harvesting intensity was 1%, this represented a 70 % reduction (Figure 5.10).  λ values 
decreased to less than 1.000 showing that the population was decreasing as a result of the 
harvesting (Table 5.7).  Harvesting intensity greater than 15% decreased the density of Size class 
1 to ~5 000 individuals ha-1 (Figure 5.11).  Harvesting between 5-10% of trees per year would 
amounts to 183 – 283 harvested trees ha-1 yr-1.   
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Figure 5.9: The impact of harvesting on the number of individuals ha-1 in each size class of 
the Bruguiera gymnorrhiza population over time. (Y-axis was not standardised for all 
graphs so that curves would be visible) 
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Figure 5.10:  Changes in total population size for the species Rhizophora mucronata over 
time in response to different harvesting scenarios. 
 
Table 5.7: Mean λ values for Rhizophora muronata for different harvesting scenarios after 
350 years. 
  Size class (Height (cm) 
Harvesting 
intensity 
Total 
Population (N) 0-49    50-150  151-250  251-350   >350   
0% 1.000 1.003 0.998 0.999 1.003 1.002 
1% 0.997 1.000 0.996 0.997 0.997 1.000 
5% 0.997 0.999 0.996 0.996 0.997 0.999 
10% 0.995 0.997 0.994 0.995 0.993 0.994 
15% 0.994 0.996 0.994 0.994 0.992 0.993 
20% 0.994 0.996 0.994 0.994 0.992 0.991 
100% 0.992 0.994 0.992 0.992 1.001 0.974 
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Figure 5.11:  The impact of harvesting on the number of individuals ha-1 in each size class 
of the Rhizophora mucronata population over time. (Y-axis was not standardised for all 
graphs so that curves would be visible for S5 and S3) 
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Discussion and Conclusion 
The objective of this study was primarily to develop a matrix model to determine the effect of 
different harvesting intensity scenarios, on the population structure of three mangrove species: 
Avicennia marina, Bruguiera gymnorrhiza and Rhizophora mucronata.  Small scale disturbances 
such as harvesting, depending on their timing, their frequency and their intensity, which result in 
the loss of some of the mangrove population, may lead to natural regeneration if there are existing 
seedlings, saplings and mother trees (standards) around the disturbed area, the potential for 
water-borne propagules to travel to the area via tidal flow and if the propagules from disturbed 
trees are still present (FAO, 1994). A “standard” is defined as a seed bearing tree that can 
withstand exposure to strong winds and light and, in fringe areas, high tidal action (FAO, 1994).  
Regeneration will be restricted if the number of standards is reduced, if dead trees and branches 
reduce the light on the forest floor, if damage occurs to surrounding seedlings/saplings due to 
trampling and if a substantial change in soil conditions occurs (FAO, 1994; Harun-or-Rahsid et al. 
2009).   
Clarke et al. (2001) noted that the lack of diaspore dormancy in most mangrove species translates 
into a small or non-existent seed bank.  The lack of a persistent soil seed bank of true mangrove 
species decreases the probability of a full recovery by mangrove populations after large scale 
disturbances and increases the chances of invasions of mangrove-associate species (Dahdouh-
Guebas et al. 2005; Harun-or-Rahsid et al. 2009).  Populations are reliant on regular cohorts of 
diaspores for regeneration so their continuous production by adults is vital.  Rajkaran and Adams 
(2007) recorded movement of propagules out of the creeks and main channel of Mngazana 
Estuary (Figure 3.1); dispersed propagules were found on the adjacent beach near the mouth of 
the estuary.  At Mngazana Estuary the presence of propagules on the forest floor is dependent on 
that produced by the adults in that specific area and not on the propagules brought in by tides.  So 
at this estuary the continuous production of propagules by adults remaining after harvesting has 
taken place is vital for natural regeneration. 
Size classes in this study were based on height as previous studies have shown that harvesters 
targeted specific heights within the population (Chapter 2, Traynor and Hill, 2008).   A density 
dependent model was used to simulate population structure and growth over time and the results 
conformed well to the logistical equation.  The average λ value for each species in the absence of 
harvesting scenarios was 1.000, which shows that the populations are not increasing under the 
current rates for each size class. This may be a consequence of the continuous past harvesting in 
the Mngazana mangrove forest that has influenced vital rates.  This was not taken into account in 
this model. López -Hoffman et al. (2006) recorded λ values of 1.050 when no harvesting was 
taking place.  Vital rates for Rhizophora mucronata were comparable to those measured by López 
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-Hoffman et al. (2006).  Persistent rates ranged from 0.909 to 0.983, while transition rates ranged 
from 0.026-0.034 for adult size classes in that study, which is similar to the current study for this 
species.  Similar studies for Bruguiera gymnorrhiza were not found.  Clarke, (1995) used a matrix 
model to predict the population dynamics of Avicennia marina in New Zealand.  Persistence rates 
for seedlings were 0.825, saplings - 0.909, young tree - 0.963 and older tree 0.999, while transition 
rates were 0.010, 0.073, 0.008, 0.012, 0.000 respectively.  Sizes of each life stage were not stated 
in the study.  The persistence rate in this study for Avicennia seedlings was much lower at 0.6 and 
transition was higher at 0.2, while all other rates were comparable. 
The observed population structure in 2005 and 2009 and the structure predicted by the model 
were compared to determine the accuracy of the model.  In Size Classes 3, 4 and 5, the model 
results were similar to the observed results.  Size Classes 1 and 2 were not comparable; however 
a similar trend was recorded by Ajonina (2008) where lower size class populations from the model 
were usually higher than the observed data.  The ability to predict the dynamics of the Size 
Classes 1 and 2 appear to be dependent on a number of factors that include recruitment into the 
population, propagule predation by crabs as well as the effect of trampling by harvesters.  These 
factors, only identified after the event, were not measured in this project, and therefore could not 
be included in the model. 
The size class that was the most sensitive to changes in vital rates within the population of each 
species was the adult class for both Avicennia marina and Bruguiera gymnorrhiza.  No sensitive 
size classes were identified for Rhizophora mucronata. This implies that if additional factors 
influence the adult size classes such as storms, changes in health and vigour that result in the 
death of the adult size classes; this will further decrease the population growth rate for Avicennia 
and Bruguiera. 
All harvesting scenarios decreased λ to less than 1.000, showing that the populations were 
decreasing in size.  A sustainable harvesting rate would be one where λ is greater than 1.  This 
would indicate that harvesting would be increasing the population growth by increasing space and 
decreasing competition between individuals.  A λ value of 1.000 would mean that the population is 
unchanging (López -Hoffman et al. 2006) and disturbance would be detrimental to the population.  
FAO (1994) have set minimum limits for the number of seedlings that must be present to facilitate 
natural regeneration once adults have been removed from the population.  The harvesting intensity 
that leads to a seedling density of less than 5000 ha-1 were 100% intensity for Avicennia all 
intensities greater than 1% for Bruguiera and 15, 20 and 100% intensities for Rhizophora.  The 
limits of harvesting in the Mngazana mangrove forest should not approach these levels. López -
Hoffman et al. (2006) set sustainable harvesting in the Rίo Limón mangrove forests of Lake 
Maracaibo in Venezuela at 7.7% per year for Rhizophora mangle, the current study has set 
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harvesting limits at 5% per year for Rhizophora mucronata and Avicennia.  Harvesting of Bruguiera 
should be stopped as the density of this species is lower than the other two species. Preferably 
there should be no harvesting of this species. Harvesting intensity must ensure that seedling 
density is maintained within acceptable limits as set out in the published literature (FAO, 1994; 
Bosire et al. 2008; Ashton and Macintosh, 2002).  Density of individuals of the three species were 
measured at Mngazana Estuary in 2005 and were found to be 17 000, 13 000 and 12 000 
seedlings ha-1 for Avicennia, Bruguiera and Rhizophora respectively.  To set the minimum number 
of seedlings to 5 000 individuals ha-1 would mean that this size class would be more than half the 
original density.  Increasing the limit to 10 000 seedlings ha-1 would be more acceptable at the 
Mngazana Estuary for all species.  The harvesting limits for each species will be different but 
managers must ensure that the seedling densities are maintained.  
Mangrove management regimes may also suggest different densities for standards, i.e. the 
reproductively active trees producing propagules; these range from 7 (Malaysia) to 20 ha-1 
(Phillipines) (Choudhury, 1997).  This depends on the species; FAO (1994) suggested 12 
standards ha-1 for the genus Rhizophora. These levels are recommended for forests where clear-
felling takes place in tropical countries where growth rates are high.  Clear felling should be 
avoided in the Mngazana mangrove forest as this will significantly change sediment 
characteristics. Sediment conditions are significantly affected by changes in vegetation cover and 
plant density in a mangrove forest.  In this study (Chapter 2) the results showed that the sediment 
was significantly drier in harvested areas compared to non-harvested areas.  Mangrove forests are 
made up of species that are able to attain slow growth under a wide variety of conditions (Krauss 
et al. 2008) but in Chapter 3 it was recorded that growth and mortality of different size classes 
within a population were related to certain sediment parameters i.e. seedling growth was 
negatively related to high sediment pH (Rhizophora upper limit for pH in this study was 7.1) while 
seedling mortality for Bruguiera was negatively affected by an increase in sediment moisture.   
A harvesting intensity of 5 % would maintain the number of individuals for Rhizophora at greater 
than 2 000 ha-1 in Size Class 3.  However for Size Class 4 and Size Class 5 there this would result 
in less than 3 000 and 2 000 individuals ha-1 respectively.  Traynor and Hill (2008) estimated the 
annual demand for mangroves at 18 400 stems yr-1 at Mngazana. These were mainly used by the 
local communities to build homesteads.  The suggested harvesting intensity of between 5 and 10% 
per year would provide this required number of stems and indeed yield more harvested stems than 
those required at the time of the 2008 study. A more detailed study about the increase in the 
demand over time due to increases in the human population is required, but in the meanwhile an 
alternative wood resource must also be provided to the communities to replace the mangroves. 
The full effects of harvesting have not been measured in this study because, for example, the 
effects of trampling on seedling survival and its influence on population growth and structure were 
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not addressed.  Recruitment was extremely low in this study which may have been the influence of 
physical disturbance from harvesters. Other management recommendations include reducing 
harvesting within the 10 - 20 m strip from the estuary channel. The purpose would be to sustain 
trees that form a barrier between the energy of the water flowing in on a high tide and the young 
seedlings. 
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Chapter 6:  General conclusions and management 
recommendations for mangroves in South Africa 
 
The aims of this study were to investigate the present state of mangroves in KwaZulu-Natal (KZN), 
to determine the effect of harvesting on the population structure and sediment characteristics in 
the Mngazana mangrove forest and to recommend sustainable harvesting limits by using 
population modelling to predict the change in population structure over time.  For the first time 
mangrove growth rates have been measured for different size classes for the species Avicennia, 
Bruguiera and Rhizophora in South Africa.  An historical assessment of mangroves in KZN 
identified the factors that have lead to losses of mangrove forests.  Adequate management of 
these forests is lacking in South Africa especially for those forests associated with harbours and 
where uncontrolled harvesting is taking place.   
The management of ecosystems calls for the interaction between researchers and society to 
ensure that environmental and socio-economic issues are integrated with government policies.  
For this to take place a number of conceptual frameworks exist as tools for communication 
between researchers and end users of environmental information such as government 
departments (Maxim et al. 2009). The DPSIR framework focuses on the connecting relationships 
between the Driving forces that are usually societal and economic developments that place the 
environment under Pressure which alters the State of the environment, and Impacts on the 
ecosystems.  The Response from society is usually in the form of regulatory laws or rehabilitation 
plans depending on the situation (Bidone and Lacerdo, 2004; Maxim et al. 2009, Omann et al. 
2009, Atkins et al. 2011).   The DPSIR framework allows managers and scientists to highlight 
issues that must be prioritised with regard to management of natural systems.  The DPSIR 
framework was applied to the results from this research.  
Driving forces 
Increases in storm intensity and frequency and accelerated sea level rise are expected to alter 
mangrove forests in many ways such as changing the population structure of the trees as well as 
sediment characteristics (Woodroffe and Davies, 2009).  Macintosh and Ashton (2004) highlighted 
the following as major threats to mangrove forests in Africa; population pressure, agriculture, 
hydrological diversions and management shortcomings. Natural disasters, forestry and coastal 
pollution were noted to be of medium to low threats but all were increasing.  In the provinces 
where mangroves are found in South Africa, the major drivers influencing mangroves are human 
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population dynamics, agriculture, coastal development and climate change. Population growth in 
South Africa was 1 % per annum as calculated in 2007 but is said to be decreasing by -0.051 %, 
as estimated in 2010 (Kagwanja and Kondlo, 2008).  The vast majority of the population is based 
in urban areas (61%) however there are still great pressures on the natural environment as rural 
communities depend on ecosystems for food and fuel.   Mangrove forests provide both food and 
fuel and especially in the rural Eastern Cape province where the pressures on these forests are 
great due to harvesting.   
Pressures 
Colloty, (2000); Adams et al. (2004) and Lewis and Msimang, (2004) noted that the drivers 
mentioned above increase the pressures on the mangrove environment due to the reduction of 
freshwater flowing into estuaries, over-exploitation of resources, trampling and grazing by cattle 
and other domestic livestock as well as changes in water quality.  These pressures are similar to 
those affecting the mangroves in KwaZulu-Natal but also include; conversion of wetland areas to 
other land uses such as sugarcane fields (Begg, 1978).   This study showed that smaller 
mangrove forests were negatively impacted by the construction of the N2 Freeway in this province, 
where loss of mangrove habitat was caused by changes in hydrology and tidal exchange.   
State 
A loss of mangrove habitat from 13 estuaries identified for KZN in this study represents 7.5 ha (1% 
of mangrove area in this province). This is lower than the 10 % (27.7 ha) loss of mangroves in the 
Eastern Cape Province reported in Adams et al. (2004).  With the exception of the mangrove forest 
at St Lucia, all mangrove forests in KwaZulu-Natal had a population structure consistent with the 
reversed J shape curve. These curves provide evidence that a high percentage of the population is 
made up of individuals less than 150 cm in height and that natural regeneration is taking place.  
When mangroves are found in closed estuaries where the water level has risen and the roots of 
the trees are submerged, mortality has been recorded.  The hydrology of estuaries influences the 
prevailing sediment characteristics (particle size, redox potential, pH, salinity, temperature) of the 
mangrove forests. The environmental conditions under which the mangrove forests currently exist 
were determined for five species.  Lumnitzera racemosa and Ceriops tagal exhibited a narrow 
range of conditions as these species are only found at Kosi Bay, while Avicennia, Bruguiera and 
Rhizophora occurred under a wider range of conditions.  The pressures mentioned above have 
also led to competition between the species Hibiscus tiliaceus and Bruguiera.  In the Mkomazi 
Estuary the lateral growth of Hibiscus limits the quantity and quality of light reaching Bruguiera 
seedlings as well as forming a barrier reducing the growth of the Bruguiera.   
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Impacts 
A loss of mangrove habitat has potentially decreased the diversity of organisms found in estuaries, 
the nursery function of the forests has been reduced and there has been a loss of protection value 
given by the mangroves (Gilbert and Janssen, 1998; Fondo and Martens, 1998; Laegdsgaard and 
Johnson, 2001; Mumby et al. 2003).  Loss of mangrove area in these estuaries was attributed to a 
reduction in freshwater into the estuaries and subsequent changes in mouth condition.   In St 
Lucia, a lower diversity and number of crabs in the mangrove forests were observed in areas 
where tidal inundation no longer occurred.  Harvesting has decreased the size of the mangrove 
forest at Mngazana Estuary and changed the size structure of the population.  This has lead to 
decreased natural recruitment and regeneration of the forest as well as decreased ecosystem 
functioning as was shown in Rajkaran and Adams, (2007) where a loss of mangrove forest at 
Mngazana Estuary decreased the amount of organic carbon exported to the marine environment 
therefore impacting associated marine ecosystems as well. 
Response 
This study has found that mangroves at their latitudinal limits grow slower than those at lower 
latitudes.  These mangroves are more susceptible to anthropogenic impacts as their ability to 
regenerate after a disturbance may be limited, these impacts must be managed appropriately.  
Mangrove forests and associated biota require tidal conditions; the mangrove trees are intolerant 
of long-term inundation between five and eight months (Breen and Hill, 1969; Begg, 1978; Bruton, 
1980).  The salinity of the water should not exceed 35 PSU for Bruguiera and Rhizophora and 48 
PSU for Avicennia. Salinity can be controlled by maintaining freshwater inflow into the estuary and 
should be monitored in both the channel water as well as the porewater.  These forests also 
require inflowing water that is devoid of heavy metals and hydrocarbons from storm water run-off 
and shipping activities.  Naidoo et al. (2010) found that bunker fuel oil reduced the photosynthetic 
rate for Avicennia and Bruguiera.  It was noted that the production of adventitious roots above the 
affected area in the species Avicennia could be used as an indicator of oil and other toxic 
pollutants that are a threat to mangroves growing in areas close to harbours.  Mangrove forests in 
many parts of the world have been exposed to sewage at various levels of treatment and are 
sometimes used as second stage biofilters.  However this causes a reduction of surface sediment 
mixing by crabs on the mangrove forest floor (Bartolini et al. 2011); this mixing action helps to 
aerate the soil, reduces the algal mat if present and has a positive effect on mangrove growth and 
functioning. For these reasons sewage water must not be allowed to enter mangrove forests; this 
study showed that the growth rates of mangroves in South Africa to be low and any factor that will 
inhibit this further should be mitigated immediately.  Management interventions should aim to avoid 
future loss of forests by maintaining mouth conditions as well as longitudinal and vertical salinity 
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gradients along the estuaries similar to natural conditions.  In estuaries where this is not possible 
due to anthropogenic activities, an in-depth study must be done to determine how mouth 
conditions will change and how the mangroves will respond.  In order to assess these conditions; 
studies on the environmental water requirements of each estuary must be carried out.  
Two mangrove forests were found within harbour boundaries i.e. Durban Bay and Echwebeni.  In 
these forests port authorities should implement an ongoing monitoring programme so that adverse 
changes due to harbour activities can be immediately identified.  Mangrove monitoring is essential 
at Echwebeni to ensure the integrity of one of the oldest mangrove stands in South Africa.  
General management issues for all forests include the clearing of pollutants (plastic and industrial), 
and further developments behind the mangroves should be stopped to allow the mangroves space 
to respond to pressures such as sea level rise.  Estuarine management plans must take harvesting 
into consideration, and long term monitoring should be established to record any changes in 
species distribution in relation to sediment changes in the Kosi Bay and Mhlathuze mangrove 
forests.  This is very important because these two areas represent the most diverse and the 
largest forests in the country respectively.  Protection was also given to all estuaries that contained 
>5 ha of mangrove habitats in the South African National Estuary Conservation Plan (Turpie et al. 
2010).   
Based on the results from this study, the mangrove forests that should be prioritised for 
management plans have been identified (Table 6.1).  Estuary importance ratings are required to 
prioritise and guide decision making with regard to anthropogenic activities.  Turpie et al. (2002) 
rated all South African estuaries in terms of their conservation importance as indicated by size, 
type and biogeographical region, habitats and biota.  Turpie and Clark, (2007) updated the scores 
for 149 estuaries.  The 2002 scores as well as the updated scores (where applicable) are 
summarised in Table 6.1 for estuaries with mangrove forests that must be prioritised.  Those South 
African estuaries ranked 1 to 5 are temperate estuaries with no mangrove forests. 
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Table 6.1:  Biodiversity conservation importance information for the most important mangrove forests in South African estuaries 
from north to south. (** Updated rating - Turpie and Clark, 2009; * Turpie et al. 2002 (these estuaries were not ranked in the 2009 
study)). 
Estuary Management authority 
Importance 
rating 
Mangrove  
area (ha) 
Species 
present 
Pressures Impacts 
Kosi Bay 
Ezemvelo KwaZulu-Natal 
Wildlife 
6** 60.7 
AM, BG, RM, 
CT, LM, XG 
Branch harvesting 
Coppicing and change in morphology of 
adult trees 
St Lucia 
Ezemvelo KwaZulu-Natal 
Wildlife 
9** 571 AM, BG 
Severely reduced tidal 
inundation due to prolonged 
mouth closure 
Altered sediment characteristics, reduced 
growth and absence of seedlings 
Richards Bay: 
Echwebeni 
Transnet 26* Unknown AM, BG, RM Harbour activities Pollution – Industrial effluents such as oil 
Richards Bay: 
Mhlathuze 
Ezemvelo KwaZulu-Natal 
Wildlife 
20** 652.1 AM, BG, RM Branch harvesting 
Potential changes in tree health due to 
harvesting 
Mlalazi 
Ezemvelo KwaZulu-Natal 
Wildlife 
21** 60.7 AM, BG None were visible None were visible 
Mgeni 
Ezemvelo KwaZulu-Natal 
Wildlife 
38* 20.3 AM, BG, RM 
Upstream activities affecting 
estuary and restriction in tidal 
exchange 
Pollution - Industrial effluents, Dieback of 
mangroves 
Durban Bay Transnet 10** 16.0 AM, BG, RM Harbour activities Pollution - Industrial effluents 
Sipingo 
Ezemvelo KwaZulu-Natal 
Wildlife 
77* 3.8 AM, BG, RM Industrial activities 
Pollution - Industrial effluents, sewage 
and domestic wastes 
Mngazana Estuary 
OR Tambo District Council 
and the Port St. Johns Local 
Municipality 
16** 118 AM, BG, RM Harvesting  
Changes in mangrove area, sediment 
characteristics, population structure and 
bank destabilisation 
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The National Forests Act (No 84 of 1998) controls the management of forestry in the country and 
aims to promote the sustainable utilisation of forests for environmental, economic and educational 
purposes.  By definition mangroves are classified as natural forests and as such a licence is 
required for the removal or harvesting of trees.  Therefore according to Section 7 of the Act, 
mangrove harvesting at Mngazana and other such forests identified in this study, is taking place 
illegally.  Bruguiera and Rhizophora are further protected under the Protected Tree List (DWAF, 
2010), therefore harvesting should be stopped immediately (Figure 6.1). However, mangrove 
forests and associated biota are also protected under the Marine Living Resource Act (18 of 1998) 
which aims to sustainably utilise any marine resource, preserve marine biodiversity and to 
conserve marine living resources for future generations.  It is therefore unclear who holds the 
responsibility of mangrove forests in South Africa as these two pieces of legislation are 
implemented by Department of Agriculture, Forestry and Fisheries (DAFF) and the Department of 
Environmental Affairs (DEA).  However, it is clear that environmental law enforcement is non-
existent at Mngazana Estuary and the illegal harvesting will continue unabated.   A joint effort is 
required from both these departments. This study provides indications of harvesting restrictions 
that would maintain adequate natural recruitment.  Harvesting intensity at Mngazana Estuary must 
remain below levels of 20% for Avicennia, 1% for Bruguiera and 5% for Rhizophora if harvesting 
must continue.  This will maintain the number of seedlings within the population greater than 5 000 
individuals ha-1 for all species.  Successful implementation of these levels will require field 
managers and officers that should be under the control of the local government authority.  In the 
case of the Mngazana Estuary, that would be the OR Tambo District Council and the Port St. 
Johns Local Municipality.   In this part of the Eastern Cape Province, local and municipal 
governments are under resourced and are not capable of handling the situation here therefore the 
national departments need to drive the process. 
Lewis and Msimang (2004) described a non-government organisation namely the Mngazana 
Mangrove Management Forum which came into being in 2002.  This forum is ideally placed to play 
an important role in the implementation of the harvesting restrictions.  Their responsibilities could 
also include keeping records of how many harvesters use the forest, how much they are extracting 
and if the demand for trees is increasing.  They could also identify the main areas of the forests 
that are used for harvesting and a rotational schedule should be implemented to further enhance 
the sustainable use of the mangroves.  
Overall interventions for the conservation of mangroves include directly protecting pristine 
mangroves (such as Echwebeni-Richards Bay, KZN), protecting the hydrological regimes 
supporting these ecosystems (particularly freshwater quantities flowing into the estuaries-which 
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would be dependent on the base-flows required to maintain mouth conditions in the optimal state), 
promoting  natural regeneration for self renewal, enforcing mangrove buffer zones and the 
continued capacity development and education of those communities that use the forests 
(Macintosh and Ashton, 2004).  Mangrove buffer zones provide protection to any habitats or 
human areas behind them. Vietnam maintains a 100 m – 500 m wide belt of mangroves to protect 
the Mekong Delta coastline against storm and flood protection, while the Philippines maintain a 20 
m wide zone for protection of shorelines (Macintosh and Ashton, 2004).  All mangroves in South 
Africa are found within estuarine ecosystems so their capacity to protect the coastline is limited.  
However in many cases coastal developments have occurred along the banks of estuaries behind 
mangrove and salt marsh communities.  In these cases it is recommended that a mangrove buffer 
zone of 25 m be maintained and in the case of creeks, a 10 m buffer zone should be created.  No 
activities, such as harvesting, should take place within these zones.  In addition to these measures 
the identification and promotion of alternative resources for building is required.  Figure 6.1 
summarises the DPSIR framework used to identify the issues associated with the management of 
mangroves in South Africa. 
Shortcomings of study 
The over-development of the KwaZulu-Natal coastline along and behind estuaries may prove to be 
a threat to the continued existence of estuary habitats when one adds sea level rise to the 
equation.  This is true for most coastal areas in the world (Ericson et al. 2006).  Sea level rise will 
result in inundation of coastal areas, saltwater intrusion into aquifers, increased erosion and 
increased exposure to storm surges (Ericson et al. 2006).  This study has not identified mangrove 
forests that will be most affected by these factors, particularly those forests that would not be able 
to migrate landwards due to coastal developments behind them.  One particular case is at Mgeni 
Estuary where the mangroves are bordered by a road and other developments.  In most of the 
smaller forests in KZN it is impossible to remedy this situation because of infrastructure such as 
roads, railways and bridges, while in the Eastern Cape better management and planning is 
required to ensure this does not become an issue.  An in-depth field based study on sea level rise 
along the South African coastline is required to ensure that mangrove forests have the space to be 
able to migrate if so required.   
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Figure 6.6.1:  Summary of DPSIR framework for the mangrove forests of South Africa. 
Responses: 
 Need to maintain mouth 
condition as well as 
longitudinal and vertical 
salinity gradients as they were 
under natural conditions 
 Management plans for priority 
estuaries (Table 6.1) 
 Implementation of “no 
harvesting” of Bruguiera & 
Rhizophora. 
Drivers: 
 Human population dynamics  
 Agriculture 
 Coastal development   
 Climate change 
Pressures: 
 Reduction of freshwater flowing into 
estuaries  
 Over-exploitation of resources  
 Trampling and grazing by domestic livestock  
 Changes in water quality 
 
State: 
 KwaZulu-Natal mangrove forests show a 
regenerating population - reversed J shape 
curve 
 Competition between the species Hibiscus 
tiliaceus and Bruguiera gymnorrhiza and 
loss of mangrove habitat 
 Dieback of mangroves due to submergence 
of roots due to prolonged mouth closure 
 
 
Impacts: 
 Decrease in estuary biodiversity 
 Loss of protection and nursery function  
 Decrease in the amount of organic 
carbon exported to the marine 
environment 
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At Kosi Bay, this study found that branch harvesting of Lumnitzera racemosa was changing the 
growth structure and morphology of the plants. This in conjunction with branch harvesting of 
Avicennia requires further investigation to assess the effect on the vigour of the species.  With 
regard to the size structure of populations, the ability to predict the dynamics of the Size Classes 1 
and 2 are dependent on a number of factors such as recruitment into the population, propagule 
predation by crabs as well as the effect of trampling by harvesters.  These factors were not 
measured in this project.  Natural recruitment was taken into account by counting the number of 
new individuals in the sites during each sampling trip.  These individuals were not tagged and 
added to the dataset as there were very few new recruits.  Therefore this study has measured the 
mortality rate of established seedlings but not of new growth of seedlings which are more 
susceptible to changes in environmental factors.  Most new individuals were too small to tag (tides 
removed tags) and some seedlings would have died due to tagging (if tags were too tight around 
stem).  With regard to the harvesting scenarios presented in Chapter 5, it would be beneficial to 
use harvesting intensities that changed in relation to population growth or decline in the area and 
not static rates as was the case for this study.  The demand for trees will change as the number of 
people in the area change and will be higher when the life span of homesteads reaches their end.      
Future research 
An investigation of the growth rates of mangrove species in KZN compared to Mngazana Estuary 
is required to determine if mangroves grow at similar rates at different latitudes in South Africa.  
Sediment composition as determined in this study was found to be significantly different at Kosi 
Bay compared to other South African mangrove estuaries.  It would be important to determine if 
these species are growing slower due to the lower capacity of sand dominated systems to retain 
nutrients required for growth. 
The presence of fish traps at Kosi Bay is changing the dynamics of the bay and further 
investigation is required to determine if the traps are facilitating the establishment of seedlings 
along these traps.  Branch harvesting has been recorded at Mhlathuze Estuary and the effect of 
this on growth and survival of the mangrove trees requires investigation.  Research on the effect of 
predation by crabs on mangrove propagules has been neglected in South African mangrove 
forests; this with continued monitoring of natural recruitment into mangrove forests is necessary in 
order to understand recruitment, growth and sustainable use of South African mangroves forests.    
The Eastern Cape estuaries provide an ideal opportunity to determine whether climate change or 
anthropogenic factors are the greatest threat to these coastal habitats. Geographical Information 
Systems can be used to map changes from previous aerial photographs to determine the 
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response of habitats to different impacts.  Sea storm frequency and intensity has increased along 
the South African coast and in conjunction with freshwater extraction has caused the mouths of 
estuaries to close.  In the Kobonqaba Estuary there was die-back of 90% of the Avicennia area in 
2010 as a result of mouth closure and inundation of the pneumatophores.  The rate of recovery of 
mangrove forests after a disturbance has not been measured and this event provides an 
opportunity to research this aspect.  Research questions would include:  How many adults, if any, 
were able to survive the long term submergence of roots, is the population size adequate to 
facilitate natural regeneration? Once the mouth of the Kobonqaba Estuary is open would there be 
an influx of mangrove propagules from the neighbouring Wavecrest mangrove forest?  How long 
will it take for the mangrove fauna to re-populate the dead forest?  During the last visit many dead 
crabs were found.  How has the nutrient budget for the estuary changed due to the die-back of the 
forest and how long will it take for a nutrient pool to re-establish? What is the sediment 
composition of the estuary? Once regeneration begins growth rates can be measured and 
compared to other South African mangrove forests.    
In conclusion, this study has determined the current status of mangroves in KZN and the effect of 
harvesting on the mangrove populations.  It has contributed to the understanding of harvesting 
sustainability and has identified the current threats to the long term survival of mangroves in South 
Africa.  Furthermore it has found that much improved management of mangrove systems is 
paramount for their survival. There is an urgent need to alter current anthropogenic activities 
around these critical environmentally important forests. 
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